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1SUMMARY
One of the great unsolved problems of medicine and surgery is 
the cause of thrombosis in the veins of the leg. These thromboses 
occur postoperatively and may lead to swollen and ulcerated legs.
A more serious and possibly fatal complication arises if part of 
the clot breaks off and gives rise to a pulmonary embolism.
In view of the impressive advances that are being made in medi­
cine and surgery, it is disquieting that the risk of dying from a 
pulmonary embolus is now twice as great as it was 20 years ago. 
Furthermore, recent work has shown that some 30% of all surgical 
patients develop thrombosis in the deep veins of the leg. This 
thesis presents a biomedical engineering approach to the problem.
It has been suggested that one way in which the incidence of 
thrombosis might be reduced is to increase the venous return from 
the leg. This thesis is, therefore, concerned with the measurement 
and control of this flow.
The thesis opens with a section on the measurement of vessel 
blood flow in which three techniques are considered in detail.
First, electromagnetic flowmetry, which is used clinically in the 
later stages of the thesis, is investigated with particular reference 
to calibration errors. Secondly, the technique of local thermal 
dilution flowmetry is discussed and the design of the necessary 
instrumentation described in full. Thirdly, the possible application 
of light diffusion theory to blood flowmetry is analysed and tested 
using a simple flow probe. The section is completed by a short chap­
ter on the design of an instrument for the measurement of vascular 
hydraulic conductance.
2The other main section of the thesis consists of an analysis 
of the effects of three parameters on venous flow in the leg. The 
three parameters considered are external magnetic fields, external 
pressure and rhythmic passive flexion. The thesis concludes with 
an appraisal of these techniques and outlines possible fields for 
future work.
University of Surrey and
Kings College Hospital Medical School. V.C. ROBERTS
December 1970
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Symbols and abbreviations not explained in the text 
A ampere
a.c. alternating current (- voltage)
C capacitor (capacitance)
°C degrees Celsius
cm centimetre
D diode
d. c. direct current (- voltage)
db decibel
exp. exponential -
g gramme
h„ small signal common-emitter current gain
re
Hz hertz
I.C. integrated circuit
I.D. inside diameter
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j /"I
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k(fl) kilohm
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Mil megohm
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ohm
outside diameter
output
3.142
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picofarad
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root mean square value
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C H A  P T E R 1 
INTRODUCTION
1.1.1. INTRODUCTION
One of the great unsolved problems of medicine and surgery is 
the cause of thrombosis in the veins of the leg. Thrombosis is a 
form of blood clotting that may occur postoperatively and in patients 
who are forced to remain in bed for long periods. Such thromboses 
may lead to swollen and ulcerated legs. A more serious and possibly 
fatal complication arises if part of the clot breaks off and, enter­
ing the main circulation, lodges in the lungs giving rise to a pul­
monary embolism.
In view of the impressive advances which are continually being 
made in medicine and surgery, it is disquieting that the risk of dying 
from a pulmonary embolus is now twice as great as it was 20 years ago 
(Hodgson, 1964) . Evidence has been put forward to show that the 
majority of pulmonary emboli which occur postoperatively are red 
thrombi which have been released from a thrombosed leg vein (Gibbs, 
1957; Sevitt, Gallagher, 1961; McLachlin and Patterson, 1951). The 
implication behind these facts is that the incidence of leg vein 
thrombosis has also risen. Although there is no direct evidence to 
support this view, recent advances have been made in the methods of 
thrombus detection using radioactive fibrinogen (Atkins and Hawkins, 
1968; Flanc, Kakkar and Clarke, 1968; Negus, Pinto, LeQuesnë, Brown 
and Chapman, 1968). These techniques have shown that about 30% of all 
surgical patients over the age of 40 develop thrombosis in the deep 
veins of the leg (Flanc, Kakkar and Clarke, 1969; Browse and Negus, 
1970).
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To put these figures into perspective one can consider the 
fact that in a hospital the size of King's College Hospital, where 
some 8000 operations are performed each year, up to 2400 patients 
(or 7 per day) will be affected. Fortunately, not all of these will 
develop ulcerations or swollen legs, and the proportion that will 
die as a result of pulmonary embolism is even smaller. Nevertheless, 
it could happen to any one of 7 patients per day in one hospital 
alone.
Over 100 years ago, Virchow postulated that there were three 
reasons why blood flowing in a vein might clot. These were
(i) the presence of a physical defect in the vein wall;
(ii) a chemical change in .the blood;
(iii) a stagnation or slowing of the flow.
The fact that defects or intimai damage of the vein wall can 
initiate thrombus formation has been confirmed by Poole (1967) using 
electron microscopy. It is almost impossible to exercise any degree 
of control over the incidence of intimai damage, and so this factor 
will not be considered further.
The biochemical changes which initiate and propagate thrombus 
formation can, however, be controlled. The formation of the primary 
platelet thrombus which is initiated by intimai damage can be impeded 
by the administration of Dextran 70 which reduces the platelet sticki­
ness (Bennett, Dhall and Matheson, 1968). The subsequent formation of 
the red thrombus can be prevented by the administration of dicoumarol 
which prevents the formation of prothrombin. The final step in the 
thrombus formation can be stopped temporarily by the administration of 
heparin which blocks the conversion of fibrinogen to fibrin. Unfortunately,
16
heparin is only effective for a few hours and multiple doses are often 
necessary. It has been shown that these drugs, when properly admini­
stered, can almost prevent the incidence of pulmonary embolism (Sevitt 
and Gallagher, 1961). Unfortunately, the use of anti-coagulants is 
not without its own hazards, and can easily lead to spontaneous haemor­
rhages. To prevent this from occurring very strict control must be 
exercised over the administration of the drugs. This, in turn, places 
a very severe strain on biochemistry departments and nursing staff.
For these reasons anti-coagulant therapy both peroperatively and post- 
operatively is not considered to be a satisfactory solution.
Stagnation of the blood is, apparently, the only remaining factor 
over which control may be exercised. While it has not yet been proved 
conclusively that stagnation of the blood, alone, produces thrombosis, 
any attempt to measure and control this stagnation may reveal important 
information about the mechanism of thrombus formation. This thesis is, 
therefore, divided into two basic sections. The first deals with tech­
niques of measuring blood flow in the leg, and the second with techniques 
of controlling this flow.
In its presentation, the thesis departs from convention by starting 
each section with its own detailed introduction rather than grouping the
whole at the beginning of the entire thesis. For this reason this open-
' ' -
ing introduction is somewhat brief.
1.2.1. MEASUREMENT OF VESSEL BLOOD FLOW IN THE LEG
The pre-requisite to any exercise in control is measurement, and so 
this thesis opens with a section on the measurement of vessel blood flow. 
Three techniques of measurement are considered and the section concludes
with a chapter on the measurement of vascular hydraulic conductance 
which, it was felt, would provide valuable additional information in 
analysing the flow control mechanisms.
1.2.2. ELECTROMAGNETIC FLOWMETRY
Of all the techniques available for measuring vessel blood flow, 
the electromagnetic blood flowmeter has undergone the most extensive 
development and is, in addition, the only system to be readily avail­
able on the commercial market. Because of its general acceptance it 
now represents something of a standard in the measurement of vessel 
blood flow. However, even standards are relative and the electromag­
netic blood flowmeter is not without its faults. The chapter on 
electromagnetic blood flowmetry will consider aspects of calibration 
(which have produced a constant stream of conflicting reports). In 
particular, the errors caused by changes in blood haematocrit will be 
examined. Questions of baseline stability and calibration technique 
will also be investigated and the chapter will conclude with a general 
appraisal of electromagnetic blood flowmetry.
1.2.3. THERMAL DILUTION FLOWMETRY
One of the disadvantages of measuring volume flowrate with the 
electromagnetic flowmeter is the necessity for surgical exposure of 
the vessel at the site of measurement. Measurement is further restricted 
in humans, to sites which are normally exposed at operation.
In order to overcome these difficulties, Clark (1968) designed a 
miniature probe for measurement of venous flowrate in the leg. The 
probe, being catheterised, has the potential capability of making com­
plete flow traverses over the entire length of the leg.
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Clark1s original design has subsequently been taken up by 
Richards (1970a,b,c). However, in order that thermal dilution be put 
into use as a practical flowmetering system, the necessary instrumen­
tation, consisting of an analogue computing unit was required. It is 
with the design of this unit that the chapter on Thermal Dilution Flow- 
metry is primarily concerned.
1.2.4. LIGHT DIFFUSION FLOWMETRY
The two techniques of flow measurement mentioned in the previous 
sections are both unsatisfactory for a number of reasons.
The electromagnetic flowmeter, while having reasonable accuracy 
and excellent repeatability, is very expensive. For example, a two 
channel unit with recording facilities and capable of measuring flows 
in vessels ranging from 3 to 14 mm in diameter would cost about £4,000. 
Its chief limitation in clinical use is the need to surgically expose 
and mobilise the vessels in which flows are to be measured.
The thermal dilution flowmeter on the other hand is relatively 
inexpensive and has the advantage of being catheterised. However, it 
has two drawbacks. First, continuous measurements cannot be made 
because of the quantity of indicator fluid that would be injected into 
the blood stream. Secondly, the device is essentially for measuring 
flows in the steady state and would, therefore, be unsuitable for 
measuring flows in the unsteady conditions that might prevail in 
experimental investigations.
Research into electromagnetic flowmetry revealed a paper (Liebman, 
Pearl and Bagno, 1962) in which the authors studied the motion-induced 
changes in the electrical conductivity of blood. They explained these 
changes in terms of erythrocyte orientation and put forward evidence
Wthat the light reflection and transmission properties of blood under­
went similar changes.
This work initiated an investigation to determine whether blood 
volume flowrate could be measured optically. The chapter on light 
diffusion flowmetry records how the theory of light diffusion through 
blood may be applied simultaneously to the measurement of blood oxygen 
saturation, blood haematocrit and blood flowrate.
1.2.5. MEASUREMENT OF VASCULAR CONDUCTANCE
A haemodynamic analysis of any organ or limb involves, for the 
most part, the measurement of pressure and flow. Instantaneous divi­
sion of the mean value of these parameters can also reveal useful infor­
mation about the vasculature, in terms of hydraulic conductance. It was 
therefore decided to design and construct a unit which could be used 
together with flow and pressure measuring devices to produce a read out 
of vascular conductance. The final chapter in the second section of 
this thesis is concerned with this design.
1.3.1. CONTROL OF VESSEL BLOOD FLOW IN THE LEG
The section on the control of blood flow in the leg is divided 
into three chapters. The first of these contains a theoretical assess­
ment of one type of control, and the second two contain details of investi­
gations conducted (both on animals and humans) into two further modes of 
control. The treatment given in this section on methods of flow control 
is not, nor indeed could it be, exhaustive. Any investigation which 
involves human experimentation, especially in the operating theatre, is 
dependent on the good will and co-operation of a large number of people.
For this reason the investigations are often long in coming to fruition.
It is hoped, however, that the data presented will provide a sound basis 
for future work.
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1.3.2. EFFECTS OF EXTERNAL MAGNETIC FIELDS
The application of moving magnetic fields to the pumping of 
electrically conductive fluids has been confined almost exclusively 
to industrial processes. The idea of applying this action to aid 
the return of venous blood from the leg is attractive for two reasons :
(i) blood, though not a homogeneous fluid, is electrically conductive;
(ii) the cross-sectional area of the leg veins exceeds the cross-sec­
tional area of the leg arteries in the calf region. Any force applied 
in the direction of venous return, though antagonistic towards arterial 
inflow, should have a net effect in favour of venous outflow.
The first chapter in the third section of this thesis presents a
theoretical analysis of the practicability of using magnetic fields to 
prevent stasis of blood in the leg.
1.3.3. EFFECTS OF EXTERNAL PRESSURE
One method of controlling flow in the leg is the application of 
external pressure. Application of pressure has been used for centuries 
to impede the flow of blood, but little work has been done to investi­
gate the effects of low pressures.
Chapter 2 in this third section sets out the details of an investi­
gation into the effects of the sustained application of low external 
pressures on flow in the leg. An additional corroborative study has 
also been performed to investigate the changes in vascular conductance 
that might occur on applying an external pressure to the leg.
1.3.4. EFFECTS OF PASSIVE FLEXION
The final chapter in this third section describes an investigation 
into the effects, on flow, of passive flexion of the foot. Passive 
flexion was chosen because it mimics the effect of calf muscle contraction
21
in producing compression of the calf veins and when done rhythmically 
it acts as a pump.
1.4.1. UNITS OF MEASUREMENT
With two exceptions. Système Internationale (m.k.s.) units have 
been used throughout this thesis. The two exceptions are the unit of 
pressure and the unit of volume flowrate. In view of their almost 
universal acceptance by the medical profession these have been left 
as (mm Hg) and (ml/min) respectively. No attempt has been made to 
rationalise them, for it was felt that to do so would only lead to 
confusion.
Similarly, all electrical circuit diagrams have, wherever possible, 
been executed using the newly recommended International Standard Symbols.
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ELECTROMAGNETIC FLOWMETRY
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C H A P T E R  1 
ELECTROMAGNETIC FLOWMETRY
1.1.1. INTRODUCTION
Of all the techniques that are currently available for the 
measurement of vessel blood flow, the electromagnetic blood flowmeter 
has received by far the greatest attention and is, in addition, the 
only one to be readily available on the commercial market.
The electromagnetic blood flowmeter was first described by Kolin 
(1936) and independently by Wetterer (1937) and the theory underlying 
it has been set out in detail by Shercliff (1962). Since its first 
appearance the electromagnetic blood flowmeter has been extensively 
' developed and written about. As it is not the intention of this 
chapter to delve deeply into the whole theory of electromagnetic 
blood flowmetry, but rather to highlight certain points which require 
clarification, the author would direct the reader to a recent review 
article by Wyatt (1968a) for a lucid description of what has been 
done before.
Because of its general acceptance the electromagnetic blood 
flowmeter now represents a standard in the measurement of vessel blood 
flow. As such a standard it is of paramount importance that any errors 
inherent in the system are fully understood. Three potential sources- 
of error will be considered and the chapter will include sections on 
calibration and use of the electromagnetic flowmeter.
1.2.1. HAEMATOCRIT VARIATIONS AND FLOWMETER SENSITIVITY
The calibration errors caused by changes in haematocrit. are a con­
stant source of conflicting reports (Spencer and Denison 1960, Kolin 
1959, 01mstead 1960, Westersten, Herrold and Assali 1960, Khouri and
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Gregg, 1963, Ferguson and Landah1 1966, Bond 1967, Dedichen and 
Schenk 1968, Brunsting and TenHoor 1968, Hognestad 1966, Tetirick 
and Mengoli 1963, Wyatt 1969). The purpose of this section is to 
attempt to clarify the confusion that exists and to compare seven 
commercially available flowmeters.
1.2.2. THEORY
In considering the function of the electromagnetic flowmeter 
the blood is usually assumed to be an ideal generator with a low 
source impedance feeding into a voltmeter of infinite input impedance. 
Whilst this approach is adequate for most theoretical analyses it 
has severe shortcomings when applied to practical problems.
Blood itself is inhomogeneous in composition consisting of dis­
crete elastic bodies held in a suspending fluid (plasma). The exact 
proportion of suspended bodies to suspending fluid, the haematocrit, 
varies, with age, sex, general metabolic conditions, etc., over a 
fairly wide range. This range is extended even further in experi­
mental conditions such as haemodilution experiments, during intra­
venous infusions and in cases of anaemia and polycythemia.
The change of electrical impedance of blood with changes in 
haematocrit has been demonstrated by several workers (McClendon 1926, 
Rosenthal 1948, Kinnen, Kubicek, Hill and Turton 1964). In general 
the impedance rises with the haematocrit, the general form being 
shown in Figure 1.1. Further variations can also be caused by 
temperature changes (Geddes and Baker 1967). Changes with blood 
velocity have also been noted (Sigman, Kolin, Katz and Jochim 1937, 
Liebman, Pearl and Bagno 1962). These changes are however very small 
and do not require further consideration here.
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If we consider the case of the cannulated type electromagnetic 
flow probe, where the electrodes are in direct contact with the blood, 
shown in Figure 1.2a, then the flow generated voltage e is fed into 
the amplifier which has a finite input impedance Z^. The proportion 
of e which the amplifier "sees" (e. ) is therefore given by the
expression
e. =
Z.i
"in Z, + Z + Z. b e i
1.1
where Z^ is the impedance of the blood between the electrodes and Z^ is 
the impedance of the electrodes.'
Figure 1.2b shows a representation of a cuff type flowmeter. In
this case the generated voltage is shunted by a wall impedance Z^ and
an electrode-wall-blood contact impedance Z is also introduced. In
c
" -
this case e. is given by the expression 
m
ein Z. + Z * Z " Z. + Z i e c b p
Z.i
where Z^ is the parallel combination of Z^ with Z^, Z^ and Z^.
HAEMATO CRIT
(7,)
60 -
50 -
40 -
30 -
20 -
10 -
532
Zb
Figure 1.1 Curve showing the effects of haematocrit on the 
impedance of blood, where Z is the impedance 
of the blood and Z^ is the impedance when the 
haematocrit is zero. (After McClendon, 1925)
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lb)(a)
Figure 1.2 Equivalent network topology for cannulated and 
cuff type electromagnetic flowmeter systems.
In systems where the input impedance (Z^) is very much greater
than (I) the combined contact and electrode impedance (Z^ + Z^);
(II) the wall impedance (Z ) andw
(III) the source impedance of the blood (Z^), Equation 1.1. reduces
to:
e. = e in
1.3,
and Equation 1.2. reduces to:-
e. = win Z^ + Z
1.4,
w
The significance of these two equations will be discussed later.
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1.2.3. EXPERIMENTAL PROCEDURE
Detailed reports in the literature about the effects of sensitivity 
changes have been confined to the instruments of one commercial company, 
Carolina Medical Electronics. It was therefore considered worthwhile 
to test another three flowmeters which were available. The three flow­
meters tested were:-
(I) the Biotronex BL - 610 pulsed logic flowmeter
(II) the Medicon K 2000 gated sine wave flowmeter
(III) the Nycotron 372 square wave flowmeter.
Identical experiments were performed on each flowmetering system. 
Cannulated type probes were used in order to obviate the introduction 
of errors caused by vessel swelling and bad electrode fit. This also 
simplified the analysis of the results.
Citrated whole human blood maintained at a temperature of 37.0 
±0.1°C was allowed to flow at a steady controlled rate through the 
blood flow probe from a constant head reservoir. A quantity of blood 
of a high haematocrit was used for the first test and for each subse­
quent test the haematocrit was lowered by the addition of human plasma.
At each value of haematocrit six measurements were made of the volume 
flow rate by timed collection, and six simultaneous readings of the 
flowmeter output taken from a digital voltmeter (Solartron LM1619) con­
nected to the flowmeter.
1.2.4. RESULTS
The sensitivity of the flowmeter in terms of volt.ml 1 .s was calcu­
lated for each pair of readings, and the mean value for each set of six 
determined. The mean sensitivity values were then normalised so that 
the sensitivity at haematocrit = 0 was 100%. The results of the three 
experiments are shown in Table 1.1 - 1.3. Also shown in the tables
28
j
are the ranges over which the sensitivities varied for each value of 
haematocrit. The results from Tables 1.1 - 1.3 are plotted graphi­
cally in Figures 1.3 and 1.4. Figure 1.5 shows two further curves 
obtained from the literature. That for the Carolina 201 is taken 
from Bruns ting and TenHoor (1968), while that for the Carolina 302 
and 322 is taken from Dedichen and Schenk (1968).
A further three tests conducted using 0.9% saline revealed no 
measurable difference in sensitivity when compared with human plasma.
The results show that of the three systems investigated the 
Nycotron is the least sensitive to changes in haematocrit, giving a 
fairly random spread of about ±1.7% over the range tested (haematocrit 
0 to 67.5).
TABLE 1.1 Biotronex BL-610 flowmeter; Biotronex |n cannulated probe.
Haematocrit Sensitivity
(%) (%)
mean min max
0.0 100.0 98.5 100.9
13.4 98.5 96.6 102.8
18.0 97.8 95.8 99.5
20.2 97.3 96.5 98.1
27.9 96.8 96.6 97.0
33.5 95.7 95.0 97.1
38.4 94.2 93.0 96.1
43.7 95.6 94.9 97.0
45.4 96.6 92.8 98.1
49.2 99.9 97.6 100.6
53.7 99.9 98.7 101.5
59.7 127.0 122.8 130.3
Inter-electrode impedance (saline filled probe) at 1.1 kHz - 1 kil
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SENSITIVITY
(%)
130 i
125 -
e Biotronex BL-610120 -
115 -
110 -
105 -
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Figure 1.3 Curve showing the haematocrit induced sensitivity 
variations for the Biotronex flowmeter.
TABT.F. 1.3 Nycotron 372 flowmeter; Nycotron 8mm cannulated probe.
Haematocrit Sensitivity
(%) (%)
mean min max
0.0 100.0 98.0 101.3
5.6 101.3 100.3 101,9
17.0 101.6 101.0 102.1
21.0 101.1 100.3 102.4
27.7 100.5 100.0 101.0
35.5 101.0 100.3 101.3
40.1 99.1 98.0 101.3
45.5 98.3 97.5 99.2
50.0 100.9 99.6 102.0
62.0 101.1 100.1 102.8
67.7 99.6 98.3 100.0
Inter-electrode impedance (saline filled probe) at 150 Hz = 110 kA
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Figure 1.4 Curves showing the haematocrit induced sensitivity 
variations for the Medicon and Nycotron flowmeters.
TABLE 1.2 Medicon K2000 flowmeter; Statham J" cannulated probe.
Haematocrit Sensitivity
(%) (%)
mean min max
0.0 100.0 99.6 100.8
5.6 98.0 97.6 98.1
16.6 96.4 93.2 99.2
21.5 95.2 94.4 95.6
27.8 90.1 88.5 92.4
36.6 87.8 83.3 89.3
41.9 84.6 83.8 85.3
45.5 79.5 79.0 80.5
50.0 75.3 75.0 77.8
60.0 71.1 69.8 72.6
67.5 67.5 66.6 67.8
Inter-electrode impedance (saline filled probe) at 400 Hz = 10 kn
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Figure 1.5 Curves showing the haematocrit induced sensitivity 
variations for the Carolina flowmeters.
The Medicon system yielded a curve closely resembling those in 
Figure 1.5, the overall sensitivity change being about 22.5% for a 
change of 67.5% in the haematocrit.
The Biotronex system revealed a variation which lay within about 
±5% over a range of haematocrit of 0 to 55. Haematocrits in excess 
of 55 produced a very marked change in sensitivity.
As an example of the actual readings taken, the results of the 
tests on the Nycotron flowmeter are given in full in Table 1.4. From 
this table it can be seen that the mean sensitivity variation of ±1.7% 
could have arisen from experimental error.
1.2.5. DISCUSSION
The results obtained, together with those already reported, indi­
cate quite clearly that a number of commercially available electro­
magnetic blood flowmeters are sensitive to changes in haematocrit. The 
variation in sensitivity caused by these changes is non-linear and can 
be deduced from consideration of changes in source impedance, loaded 
into amplifiers having low input impedances.
If we consider the Medicon K2000 flowmeter, with the probe used, 
which has an inter-electrode impedance of 10 Kn when saline filled, 
and a flowmeter input impedance of 50 Kn. , the sensitivity variation 
curve calculated from Figure 1.1 and Equation 1.1 would be as shown 
in Figure 1.6. Also shown are the experimental points taken from 
Figure 1.4. The similarity is evident.
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Figure 1.6 Theoretical curve of haematocrit induced sensitivity 
variation for the Medicon flowmeter system.
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TABLE 1.4. Sensitivity variations of the Nycotron flowmeter
Haematocrit Collected Collection Flowmeter Sensitivity
volume time output
. (%) (ml) (s) (V) (mV.ml’"1.s)
0 80 11.2 0.612 85.7
0 77 10.7 0.607 84.4
0 78 10.8 0.598 82.7
0 82 11.5 0.600 84.1
0 79 11.0 0.605 84.3
0 83 11.3 0.620 84.4
5.6 80 9.1 0.745 84.7
5.6 85 9.8 0.739 85.2
5.6 84 9.8 0.735 85.8
5.6 89 10.4 0.732 85.6
5.6 89 10.5 0.729 86.0
5.6 84 10.9 0.728 85.9
17.0 81 9.0 0.775 86.1
17.0 92 11.7 0.676 86.0
17.0 84 11.6 0.624 86.2
17.0 86 9.4 0.780 85.3
17.0 82 11.7 0.600 85.6
17.0 76 11.2 0.580 85.4
21.0 88 12.1 0.620 85.1
21.0 82 11.6 0.604 85.4
21.0 83 11.8 0.597 85.0
21.0 80 9.7 0.712 86.4
21.0 90 10.8 0.705 84.6
21.0 84 10.2 0.702 85.3 -
27.7 82 10.2 0.685 85.2
27.7 80 10.4 0.652 84.8
27.7 85 14.3 0.505 84.9
27.7 92 9.7 0.807 85.1
' 27.7 89 9.5 0.790 84.3
27.7 88 9.5 0.786 ' 84.9
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TABLE 1.4. (continued)
Haematocrit 
* (%)
Collected
volume
(ml)
Collection
time
(s)
Flowmeter
output
(V)
Sensitivity
(mV.mr^.s)
35.5 * 84 10.4 0.683 84.5
35.5 86 11.1 0.662 85.5
35.5 85 11.1 0.647 86.8
35.5 88 9.4 0.793 83.8
35.5 84 10.6 0.658 82.9
35.5 88 11.1 0.651 82.2
40.1 78 8.9 0.739 84.2
40.1 80 9.2 *0.723 83.1
40.1 82 9.6 0.714 83.5
40.1 79 9.6 0.704 85.5
40.1 77 6.5 0.994 83.9
40.1 86 7.2 0.992 ' 82.5
45.5 81 7.4 0.906 82.8
45.5 83 7.6 0.892 81.6
45.5 80 7.3 0.899 82.0
45.5 82 7.5 0.899 82.3
45.5 80 7.4 0.887 82.1
45.5 84 7.8 0.875 81.3
50.0 82 8.1 0.862 85.1
50.0 78 7.6 0.864 84.2
50.0 83 8.1 0.882 86.1
50.0 81 8.0 0.851 84.0
50.0 79 7.3 0.941 86.3
50,0 83 7.6 0.929 85.1
62.0 85 8.3 0.890 86.8
62.0 83 7.8 0.902 84.8
62.0 83 7.8 0.900 84.6
62.0 84 7.6 0.967 87.5
62.0 85 8.0 0.912 85.9
62.0 82 8.1 0.869 85.8
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TABLE 1.4. (continued)
Haematocrit Collected Collection Flowmeter Sensitivity
volume time output
.(%) (ml) (s) (V) (mV.ml-l.s)
67.7 79 8.1 0.823 84.4
67.7 81 8.5 0.805 84.4
67.7 78 7.9 0.819 83.0
67.7 80 8.1 0.826 83.6
67.7 77 7.9 0.812 83.3
67.7 78 8.0 0.819 84.0
The Nycotron flowmeter appears to be the exception. It has a very 
high (>100 Mil) input impedance (Hognestad 1968), which even when coupled 
with the use of low conductivity electrodes is sufficient to mask the 
effects of source impedance variations.
The Medicon flowmeter has a transformer coupled input, and conse­
quently its input impedance is much lower (approximately 50 kri.). The 
curve obtained for the variation of sensitivity with haematocrit is 
typical, agreeing in form with the curves in Figure 1.5. The character­
istic for the Carolina 302 and 322 is incidentally, curved and not linear 
as suggested by Dedichen and Schenk (1968). The results obtained for 
the Medicon flowmeter may also be applied to the Statham M4000 which has 
an identical input circuit.
The Biotronex flowmeter also has a transformer coupled input having 
a quoted input impedance of around 10 kn. . The characteristic obtained 
shows a smaller variation of sensitivity to haematocrit changes than 
would be expected from impedance considerations alone. The curve obtained 
is suggestive of a resonance effect, produced by the interaction of the 
blood and probe capacitance with the input transformer inductance, super­
imposed on the variations caused by haematocrit changes. This was con­
firmed by measurements made on the input circuitry.
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It would appear from the results presented here, that in only 
one of the flowmetering systems examined could Equation 1.3 be used.
In all of the others, the input impedance of the amplifier is low
enough to necessitate the use of Equation 1.1.
It should be emphasised that the results obtained only hold for 
the probes used, at a temperature of 37°C. Different probes will 
have different electrode areas and different electrode separation.
Each one will therefore present a unique source impedance to the 
system and the sensitivity variation will differ accordingly. One 
would expect in general that the larger the probe, the larger would 
be the sensitivity variation; this has been demonstrated by Bond (1967).
Cuff type flow probes present much more difficulty. Even in the
ideal casé (Equation 1.4) where the amplifier has an infinite input 
impedance, and the contact and electrode impedances are negligible, 
the wall shorting impedance can have a pronounced effect on the sensi­
tivity. In the past considerable confusion has arisen from a failure 
to distinguish between two entirely different effects
(1) the effects produced by changes in source impedance brought 
about by variations in haematocrit, and
(11) the effects produced by, and by changes in, the shunting 
impedance of the vessel wall.
With the Nycotron flowmeter, which the tests reported here have 
indicated to be free from sensitivity variation, changes with haemato­
crit have been reported when using cuff probes (Hognestad 1966). This 
degradation of performance when using cuff probes (when compared with 
the performance of cannulated probes) has also been observed by Brunsting 
and TenHoor (1968) using the Carolina 201 flowmeter.
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1.3.1. BASELINE STABILITY
The theoretical considerations underlying the question of baseline 
stability of electromagnetic blood flowmeters have been dealt with 
fairly extensively by Wyatt (1966). However, workers in the field are 
presented with a definite paucity of information on the stability of 
commercially available systems. It was, therefore, considered worth- 
^ while to make some assessment of the stability of three such flowmetering 
systems.
In this series of tests 6mm cuff type flow probes were suspended 
in the centre of a one-litre flask of 0.9% normal saline at room tempera­
ture. The flowmeter was then switched on and rapidly set to zero. The 
subsequent shift of this zero was then monitored. The three systems 
tested in this way were:-
(i) the Nycotron 372 square wave flowmeter;
(ii) the Biotronex BL610 pulsed logic flowmeter;
(iii) the Statham M4000 sine wave flowmeter.
1.3.2. RESULTS
The results of these tests are summarised in Figure 1.7. This figure 
shows that over a two-hour period the baseline of the Statham flowmeter 
drifted fairly steadily at the rate of about 12 ml/min/hour. While the 
drift of the Biotronex was far greater, being approximately 75 ml/min/hour. 
The curve obtained from the Nycotron flowmeter is, however, radically 
different. This shows that after an initial period of approximately 
twenty minutes the flowmeter is very stable.
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Figure 1.7 Baseline drift of electromagnetic flowmeters.
If we consider that the flowmeter should be allowed to warm up for at 
least an hour before use, then the subsequent drift for the three systems 
tested turns out to be:- _
Biotronex 98.5 ml/min/hour
Statham 11.8 ml/min/hour
Nycotron ±0.7 ml/min/hour
1.3.3. DISCUSSION
The results of this simple test give a very clear indication of the 
potential stability of three flowmetering systems.
The drift of the flowmeter outputs shown in Figure 1.7 can arise 
from a large number of sources. The most obvious is drifting of the
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electrical balance of the amplifiers used. This is easily checked 
by shorting the input of the amplifier to ground (generally effected 
by turning a switch on the flowmeter to "zero") and indeed it was 
found that in this position no appreciable drift was apparent in any 
of the flowmeter systems during the second hour of running.
We can further eliminate as sources of baseline drift those 
effects discussed by Wyatt (1966) since these pertain to probe/vessél 
systems. A further possibility is the satisfactory wetting of the 
electrode surfaces. Manufacturers and authors alike draw attention 
to the need for the electrodes to be properly wetted before baseline 
stability is achieved. It is however extremely unlikely that after 
immersion for one hour the electrodes were not properly wetted, espe­
cially since all probes were agitated for thirty seconds between read­
ings.
Investigations carried out by Wyatt (1961) showed that if the 
temperature at one electrode is changed relative to that of the other, 
the interelectrode voltage alters and the baseline shifts. The probe 
systems used here consisted of an iron cored type (Nycotron) and an 
air cored type (Statham and Biotronex). Of these two systems, that 
with the iron core has a far lower thermal inertia (it also has a far 
larger volume) than that with no iron core. It would therefore be 
easier for thermal gradients to be produced on the air cored probes, 
and it is considered that this may well explain the drift perceived in 
this series of tests.
The question of stability is very important in practical flowmetry 
where thermal gradients may well arise in exposed vessels. Any system 
which lessens the effect of these gradients is clearly a more desirable 
choice than one that does not.
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1.4.1. TECHNIQUES 0F CALIBRATION - INTRODUCTION
The preceding sections indicated that of the electromagnetic 
flowmeters available commercially, the Nycotron 372 was the best 
from the point of view of baseline stability and source impedance 
variations. For these and for some other reasons (to be discussed 
in the final section of this chapter) the decision was taken to 
purchase a two channel Nycotron flowmeter for use in flow investiga­
tions. The probes for use with this flowmeter are delivered from 
the manufacturer with a calibration factor which gives an indication 
of their sensitivity. For precise measurement of flow, the probes 
must be recalibrated. This section outlines two techniques for doing 
this.
1.4.2. ASPIRATION CALIBRATION
The technique of calibrating by aspirating is that recommended by 
the manufacturers. Essentially the technique is performed in situ. A 
probe is mounted on a vessel which is clamped downstream of the probe.
A known quantity of blood is then extracted from the vessel with a 
syringe which is also sited downstream of the probe. In this way a 
known volume of blood is drawn through the probe. During this 
manoeuvre the output of the flowmeter is fed to an electro-mechanical 
integrator which gives a volumetric read out. The reading of the 
integrator is correlated with the aspirated volume and the calibration 
factor evaluated. Aspiration is the preferred way of passing the blood 
through the probe since injection is more likely to produce a non- 
axisymmetric flow which would of itself produce errors (Goldman, Marple 
and Scolnik 1963).
Generally speaking it is more difficult to apply the technique to 
veins because of their lack of rigidity, and unless care is taken, motion
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artifacts can seriously affect the accuracy of calibration. However, 
experience has shown that when done carefully this technique can pro­
duce consistent results.
A single series of calibrations made at the same time can lead 
to a calibration factor with a spread of ±3%. However, when making 
the calibration at a different time and on a different vessel the 
calibration factor may change by as much as 16%. This change is pro­
bably produced (i) by different vessel wall thicknesses and (ii) by 
different blood haematocrits. Referring back to Figure 1.2 the values 
of Z^, and will all be changed and it is therefore to be expected 
(from Equation 1.2) that the flowmeter sensitivity will change. In 
practice this change is difficult to correct for empirically, and in 
the final analysis it can only be said that to make sure of accurate 
flow measurements the probes must be calibrated at the time and at the 
site of measurement.
1.4.3. PERFUSION CALIBRATION
A second technique of flowmeter calibration is to control the flow
of blood through a vessel and vary the flow over a predetermined range.
In this way the linearity of the flowmeter can be assessed and an abso- 
*
lute calibration factor obtained by regression of the calibration curve. 
The calibration technique to be described was designed primarily for the 
in vivo calibration of the thermal dilution flowmeter (which will be 
described in the next chapter), but since it can also be used to assess 
the performance of the electromagnetic flowmeter it is included here.
Essentially the calibration requirements are as follows:-
(i) that the calibration be done in vivo;
(ii) that the calibration be done in a steady (venous) flow;
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(iii) that the flow rate be variable and controllable-;
(iv) that the flow rate be measurable by direct timed collection.
These requirements are all satisfied in the experimental set up 
shown in Figure 1.8. The calibration is performed on greyhounds which 
normally weigh about 30kg and have good flows to their hind limbs.
The femoral vein and artery on the left side of the dog are 
exposed and clamped. They are then divided and cannulated with suit­
able sized nylon tubing. The end of the proximal femoral artery 
cannula is fed to the arterial reservoir containing 250ml of Dextron 
which is necessary for priming purposes. The outlet of this reservoir 
leads directly to the coil of a water filled heat exchanger which 
maintains the blood temperature at 37°C. From the heat exchanger the 
blood is fed to one side of a double roller pump and thence returned 
to the distal femoral artery cannula.
ELECTROMAGNETIC 
FLOW METER
"AORTA
LEFT FEMORAL VEIN-
LEFT FEMORAL ART-
LOCAL THERMAL 
DILUTION FLOW METER
Figure 1.8. Experimental arrangement for in vivo calibration 
of flow probes.
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On the venous side, the distal femoral vein cannula feeds the 
venous reservoir which is primed with 250ml of Dextran. From here 
the blood is taken again through a water filled heat exchanger, through 
the roller pump and then back into the proximal femoral vein cannula.
The rate at which the blood is perfused through the limb is 
controlled by the thyristor speed control circuit of the pump motor.
The level of blood in the reservoirs is controlled by adjusting (in 
conjunction with the pump speed) two gate clamps, one on the proximal 
femoral artery cannula, and one on the proximal femoral vein cannula.
The thermal dilution flowmeter is introduced into the femoral 
vein via a small side branch in the lower leg of the dog, and the 
electromagnetic flow probe is placed well downstream of the thermal 
dilution probe. Readings of venous outflow can be made with"the two 
probes and compared with flows obtained by direct timed collection of 
the blood entering the venous reservoir. The calibration perfusion 
takes about three hours to set up before any measurements can be made.
The results of a typical calibration carried out on an 8mm probe type 
PX are given in Table 1.5 and plotted in Figure 1.9. Regression analysis 
of the points in this figure lead to an equation
y = 0.207 + l.OOlx 
where y is the flowrate measured by the electromagnetic flowmeter and 
x is that measured by direct collection.
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Figure 1.9. Perfusion calibration curve for an 8mm PX Nycotron 
electromagnetic flow probe.
TABLE 1.5. Calibration of 8mm electromagnetic probe type PX
. Volume 
collected 
(ml)
Collection
time
(s)
Flow
rate
(ml/min)
Electromagnetic 
flowmeter reading 
(ml/min)
30.5 14.0 131 126
- 37.5 17.0 132 132
37.0 16.0 139 134
39.0 14.8 158 151
49.0 16.1 183 179
48.5 15.9 183 179
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Volume
collected
(ml)
Collection 
time . 
(s)
Flow
rate
(ml/min)
Electromagnetic 
flowmeter reading 
(ml/min)
56.0 16.3 206 213
56.0 16.2 208 217
60.0 17.1 211 217
47.0 12.6 224 227
47.0 12.6 224 231
47.5 12.5 228 232
62.0 15.8 235 242
64.0 16.0 240 246
72.0 15.5 279 279
78.0 16.6 282 • 286
90.0 16.5 327 335
83.0 15.1 330 335
85.0 15.4 331 335
120.0 16.5 - 436 432
124.0 16.9 440 432
123.0 16.7 442 . 432
149.0 16.8 532 537
138.0 15.4 538 537
144.0 15.7 546 537
199.0 16.3 732 738
190.0 15.6 731 746
200.0 16.3 736 754
198.0 13.0 914 874
The figure 0.207 indicates that during this experiment the zero 
of the flowmeter was slightly offset. In fact, for this particular 
probe, the full scale deflexion of the flowmeter is 400 ml/min, so the 
offset is relatively insignificant.
The figure 1.001 indicates a very small error in the setting of 
the flowmeter's fine gain control. Again, this is relatively insigni­
ficant.
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From the data obtained it can be seen that the points all lie 
within ±4.5% of a straight line. Some of this spread will undoubtedly 
have arisen from systematic experimental error, and so the claim made 
by the manufacturers that the flowmeter can measure with an accuracy of 
±2% is clearly not far from the truth.
1.5.1. EFFECTS OF VESSEL WALL THICKNESS ON SENSITIVITY
In the course of evaluating the Nycotron 372 flowmeter system, a 
series of experiments were conducted in which the flow in the splenic 
vein or artery of the dog (as measured by the electromagnetic flowmeter) 
was compared with the blood flow in the spleen (as measured by an isotope 
clearance technique). The splenic vessels are of particular interest 
because they are among the most muscular and therefore are more likely 
to have particularly thick walls.
The effects of vessel wall thickness on flowmeter sensitivity has 
been the subject of conflicting reports. Beck, Morris and Assali (1965) 
concluded that the calibration of cuff flowmeters is independent of the 
nature or thickness of the vessel wall. However, the flowmeter they 
used was highly sensitive to haematocrit variations and this may well 
invalidate their findings. Gessner (1961) has considered the effects 
of changing the blood/wall conductivity ratio. He showed that with a 
normal arterial wall thickness and a blood/wall conductivity ratio of 
4 the flow signal would be reduced by 4%, but if retraction increased 
wall thickness by 50% the reduction in signal could be 10%. Ferguson 
and Landahl (1966) showed a similar effect and in addition showed a 
decrease of sensitivity of about 15% after storage of the vessel in 
0.9% saline overnight. However their findings are also open to doubt 
since their flowmeter too was sensitive to variations in haematocrit.
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In an attempt to improve on existing analyses of these effects,
Wyatt (1968b) considered the theoretical effect of a film of fluid 
surrounding the vessel. This can equally well be considered as a 
vessel wall having two distinct layers. Wyatt1s analysis is limited 
by the fact that he considers the vessel wall as being homogeneous. 
Edgerton (1968) improves on Wyatt's approach by considering the tensor 
conductivity of the vessel wall resolving it into radial, tangential 
and axial components. Unfortunately Edgerton's experimental work is 
also open to doubt because he uses a Medicon flowmeter.
The experiments that follow indicate the errors that can occur 
when using a fixed calibration factor for measurements in both veins 
and arteries.
1.5.2. SPLENIC FLOW COMPARISON
Ke£y (1949) introduced the use of radioactive inert gases as
indicators for the measurement of blood flow through an organ, based
on the theory that indicators which diffuse freely across cell membranes
are cleared by blood supply alone. Following verification of this by
133Pappenheimer, Renkin and Borrero (1951), Xenon was used to measure 
blood flow through the lungs, (West, Dollery and Naimark 1964); the 
brain (Ht$edt-Rasmus s en, Sveindottir and Lassen 1966); skeletal muscle, 
(Lassen, Lindbjerg and Munck 1964); and the liver, (Rees, Redding and
Ashfield 1964). The same principle was used to measure splenic blood
133 .flow by injecting Xenon into the splenic artery through a percutaneous
femoral artery catheter and determining the clearance by surface count­
ing over the spleen (Williams, Parsonson, Somers and Hamilton 1966).
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Experiments were carried out on five dogs weighing between 30 
and 32kg. The dogs were anaesthetised with intravenous Nembutal in 
a dose of 30mg/kg body weight. The abdomen was opened through a mid­
line incision and the spleen delivered from the peritoneal cavity. The 
spleen was covered with warm saline packs. The gastro-splenic vessels 
were divided in series between ligatures. One divided leash from the 
main splenic vessels was preserved for cannulation. To ensure intimate 
contact between the electromagnetic probe and the vessel, the splenic 
artery and vein were cleaned for a length of about 2.5cm dividing the 
numerous autonomic nerve fibres accompanying these vessels. It was 
found that small pancreatic branches often needed to be divided with 
care. At this stage the spleen was only connected to the animal by the 
main splenic artery and vein.
•
A small arterial branch in the preserved leash of divided gastro-
splenic vessels was then isolated and cannulated. The cannula was led
into a division of the splenic artery and thence retrogradely into the
133main splenic artery. The Xenon dissolved in saline was administered 
through this cannula.
After zero flow adjustment of the flowmeter, the flow was monitored 
until a steady state was reached, and then measured by both techniques 
(Figure 1.10).
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1.5.3. XENON FLOW MEASUREMENTS
A collimated scintillation counter with a 3.8cm sodium iodide crystal
was placed perpendicularly to the bulkiest part of the spleen. The
counterfconnected via a linear amplifier to a ratemeter and thence to a
1 3 3
potentiometric chart recorder. 50-200pc of  ^ Xenon dissolved in normal
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Figure 1.10. Experimental arrangement for splenic flow comparison,
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Figure 1.11. Results of splenic flow comparison.
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saline were injected into the main splenic artery cannula in graduated 
amounts until the radioactivity in the spleen, as shown on the chart 
recorder, reached a plateau, signifying saturation of the spleen with 
^■^Xenon. The injection was then stopped, the cannula flushed with 
saline and the fall in tissue radioactivity recorded continuously.
After one to three measurements each lasting approximately fifteen 
minutes the splenic artery and vein were clamped simultaneously and the 
spleen removed. The attached mesentery was then resected and the spleen 
weighted.
133The Xenon clearance curve was replotted from the chart paper
onto semi logarithmic paper as a function of time. In all instances this
• resulted in a single straight line, indicating a single exponential
clearance rate. The tA was determined from this replotted curve, and
2
the slope (K) calculated (K = 0.693/t1).
2
Splenic blood flow (Q) in ml/min/100g was calculated from the 
formula:-
Q = K.X.lOO/p
Where X = partition coefficient of Xenon between blood and spleen, 
which is dependent on haematocrit of perfusing blood 
(Williams, Condon, Williams, Blendis and Kreel 1968)
p = specific gravity of splenic tissue, which was found to 
be approximately 1.06.
The total splenic flow in ml/min was obtained by multiplying Q by 
the weight of the spleen.
1.5.4. ELECTROMAGNETIC FLOW MEASUREMENTS
The electromagnetic flow measurements were made using the Nycotron 
blood flowmeter type 372, with Nycotron acute flow probes type PS.
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Careful calibration of the probes was performed on several dogs, 
using the aspiration technique recommended by the manufacturers, and by 
comparison with timed collection during controlled perfusion of one of 
the hind limbs (as detailed previously).
Before measuring splenic blood flow the electromagnetic flowmeter 
was allowed to warm up for at least one hour. A previously calibrated 
probe was placed on either the splenic artery or vein depending on the 
ease with which a satisfactory fit could be obtained. In order to 
eliminate possible sources of interference, all other electrical equip 
ment not associated with the measurement was switched off. In addition 
the diathermy was disconnected. ,
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Occlusion zeros were obtained just prior to Xenon injection and 
just after it had cleared. During this period the mean flow was monitored 
continuously on a direct writing ultra violet recorder. The mean electro­
magnetic flow over the whole Xenon clearance period was subsequently 
obtained from the recorder trace by planimetry.
1.5.5. RESULTS
The results of the splenic flow measurements are shown in Table 1.6. 
In all cases the flowrate indicated by the electromagnetic flowmeter 
varied over the ^^^Xenon clearance period, although examination of the 
table reveals that this fluctuation has little effect on the correlation 
between the two techniques. The figures given for the maximum and 
minimum flows encountered during the clearance period are MEAN and not 
ins tantaneous values.
Figure 1.11 shows a comparison of blood flow measured with the 
*^Xenon method with that measured electromagnetically. The correlation 
coefficient for which is 0.89 (p < 0.001).
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1.5.6. DISCUSSION
Previous measurements of splenic blood flow in thfe dog have 
given values ranging from 58 ml/min/100g, (Burton-Opitz 1908) to 
10 ml/min/100g, (Ottis, Davis and Green 1957), which are comparable 
with the findings in this present series.
These findings were further supported by a single human study
in which the two methods of measuring total splenic blood flow were
compared in a patient undergoing splenectomy. The results were
133295 ml per minute (electromagnetic) and 302 ml* per minute ( Xenon), 
thus showing a good agreement.
The biggest potential source of error in electromagnetic flow- 
metering is the establishment of a zero flow reference signal. The 
signal produced when the magnet is turned off is not necessarily the 
same as that when the flow is zero. This difference in the signal 
results from a number of complex effects at the electrode-vessel inter­
face, Wyatt (1966). Zero flow measurements were therefore taken before 
133and after each Xenon flow measurement, by occlusion of the vessel 
for not longer than three seconds. This short period was necessary in 
order to obviate the possibility of splenic infarction.
Examination of Figure 1.11 indicates that, by comparison with the
133 . . .Xenon technique, electromagnetic flow measurements made on veins
tend to under-estimate, whilst those made on arteries tend to over-estimate. 
This suggests that different calibration factors should have been found 
for veins and arteries, and highlights one of the limitations of electro­
magnetic flowmetering. If we apply regression analysis to the points 
obtained, then considering the results from dog veins and arteries 
separately, and assuming that the lines will pass through the origin, the 
co-efficients of proportionality are 0.936 for veins and 1.077 for
arteries. This gives a spread of approximately ±7% for the calibra­
tion factors - a figure which is in close agreement with that given 
in the previous section.
1.6.1. GENERAL APPRAISAL
From the preceding sections it can be seen that the electro­
magnetic blood flowmeter, although accepted as the standard in the 
measurement of blood volume flow rate, is far from perfect.
It will produce repeatable readings with a tolerance of about 
±4%, though this may be considerably improved by taking the mean 
value over a period of time. This indicates that flow measurements, 
made continuously over a period of say a minute can be compared with 
others made similarly, with a considerable degree of confidence.
Absolute measurements, however, should only be made with the probes 
calibrated at the time and at the site of measurement. The tests 
detailed in the previous sections have indicated that calibration 
changes in the order of ±8% can occur when making measurements on 
relatively healthy vessels. Diseased vessels can be expected to increase 
this variation. An interesting feature of the Nycotron probes is that 
the gap through which the vessel is passed in fitting the probe is so 
proportioned that over-thick vessels (diseased) cannot be passed 
through it. This acts in some way as a built-in safeguard against 
inaccurate flow measurement, and is a technique that other probe manu­
facturers would do well to emulate.
There is clearly scope for more work to be done on the question of 
the effects of vessel wall thickness on flowmeter sensitivity. It might 
well be worth combining the work of Wyatt (1968b) with that of Edgerton 
(1968) so that the effects of multilayer tensor conductivity of the
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vessel wall could be analysed. It is, however, doubtful whether this 
would prove to be any more than an academic exercise - of little value 
in practical flowmetry, and it is for this reason that no attempt at 
this combination has been made here.
In the clinical environment the question of sterility becomes 
important. Several months of experience with the Nycotron flow probes 
has shown that they may be satisfactorily sterilised both by autoclàving 
and by gas techniques : where time is not the limiting factor, gas
sterilisation in ethylene oxide is to. be preferred since the probes are 
subjected to less thermal stressing. No failures have yet occurred in 
probes that have been autoclaved, but their high unit cost demands that 
every precaution be taken to prolong their useful life.
From the point of view of the surgery involved, the Nycotron probes 
suffer (by comparison with others that are commercially available) from 
being large and bulky. From the point of view of flowmetry, however, 
this is an advantage since it ensures that no measurement is possible 
unless the probe is a very good fit on the vessel.
In conclusion then, it can be said that the electromagnetic blood 
flowmeter, when used intelligently, can be a very reliable instrument 
which can produce accurate, repeatable measurements.
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CHAPTER 2 
THERMAL DILUTION FLOWMETRY
2.1.1. INTRODUCTION
One of the disadvantages of measuring volume flow rate with the 
electromagnetic flowmeter is the necessity for surgical exposure of 
the vessel at the site of measurement. Measurement is also restricted 
(in humans) to sites which are normally exposed at operation. Further­
more, investigations cannot generally be conducted on conscious patients.
In order to overcome these difficulties Clark (1968) designed a 
catheterized probe for measurement of venous blood volume flow rate. 
Clark*s original design has subsequently been taken up and several 
improvements proposed by Richards (1970a,b). The probe considered in 
isolation has little to commend it as far as practical flowmetry is 
concerned, however, when coupled to a "black box" capable of producing 
an instantaneous read-out of flow rate it becomes a useful tool. This 
chapter is concerned with the detailed design of the electronic circuitry 
of such a "black box". A critical assessment of the problems of imple­
menting the technique of thermal dilution is given elsewhere (Richards 
1970c) and will not be dealt with here.
Briefly, the technique of volume flow rate measurement based on 
the principle of thermal dilution involves injecting a thermal indica­
tor (in this case normal physiological saline at room temperature) 
into the blood stream, at a velocity high enough to produce a region of 
complete thermal mixing. Because of the heat exchanged in the mixing 
region, the mixture temperature is lower than that of the flowing blood 
upstream of the mixing region. In order to measure the volume flow rate 
it is necessary to measure three temperatures:-
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T  ... blood temperature prior to indicator injection, 
b
T. ... indicator temperature during injection.
i
T ... blood/saline mixture temperature, where thermal mixing 
m is uniform over the vessel cross section.
The remaining parameters, whose values must be known before the
volume flow rate may be evaluated, are:-
Ô. ... volume flow rate of thermal indicator 
. 1
... indicator (saline) density 
... blood density
... indicator (saline) specific heat 
... blood specific heat
Knowing all eight parameters, the volume flow rate may be
evaluated by using the equation:-
Qb = p. S. . Q. . (Tm  - T.)/pb Sb (Tb - T J
which can be expressed as:-
Qb = K Q .  (Tm - T.)/(Tb -    ....2.1
where K varies with haematocrit.
In normal clinical practice the haematocrit would be expected to 
fall within the range 36 - 50, and the variation of K is about 1.3% 
according to Fronek and Ganz (1960).
In the probe, for which the computer was designed, (Clark, 1968), 
two thermistors are used, one for detecting the indicator temperature, 
and the other for detecting the "mixed" temperature. One of these can 
be used prior to indicator injection for detecting the blood temperature.
The two temperature-sensing thermistors are incorporated into 
detector circuits which compensate for the non-linear properties of the 
thermistors.
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The detector circuits produce three voltages proportional to the 
three temperatures and T^. One of these voltages, V^s is stored
in a memory circuit for use during subsequent computation. The three 
voltages are then fed to subtracting amplifiers and the resulting out­
put voltages fed to a divider/multiplier circuit. A fourth voltage, 
proportional to the ratio of specific heats of blood and saline, is 
also fed to the divider/multiplier.
The output from this circuit is then fed to a variable gain buffer 
amplifier before being used to drive an output meter and pen recorder.
Provision is made within the circuit for checking the continuity
r
of the thermistor during use.
A block diagram of the unit is shown in Figure 2.1.
2.2.1. TEMPERATURE DETECTION
The accurate determination of the three previously mentioned 
temperatures is the fundamental requirement of the whole unit. The 
temperature detection circuits must be designed to give absolute 
reliability and stability. Any errors that they introduce will seriously 
affect the accuracy of the flow reading, however accurate the subsequent 
computing circuitry.
2.2.2. THERMISTOR LINEARISATION
The probe for which this computer was designed contains two bead 
thermistors (S.T.C. U23US) which are used as temperature sensors.
These thermistors have an inherently non-linear temperature characteri­
stic, of the form:-
. R = Rœexp(B/T)  ......   2.2
where R is the resistance at the absolute temperature T.
B and R^ are constants for the particular thermistor used.
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The curve for this thermistor is shown in Figure 2.2. (A).
It is necessary to produce a linear characteristic over the required 
temperature range (20°C - 40°C) before the thermistor can be used. The 
techniques for doing this are described by Bryce and Hole (1967). The one 
most commonly used is to shunt the thermistor with a fixed resistance.
This has the effect of producing a substantially linear characteristic 
over a fixed range of temperature as in Figure 2.2.(B). Tests have 
shown that a thermistor linearised in this way will have a temperature/ 
resistance characteristic, which is linear to better than ±1 % over the 
required range (Roberts, 1967).
5000
RESISTANCE
[OHMS)
4000
3003
1000
TEMPERATURE
Figure 2.2. Resistance/temperature characteristic of an
uncompensated (A) and a compensated (B) thermistor.
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Figure 2.3. Typical Wheatstone Bridge temperature detection 
circuit.
2.2.3. DETECTION CIRCUITS
The most common method of producing a linearly varying temperature™
dependant voltage is to incorporate the thermistor into a Wheatstone
Bridge circuit. A suitable one is shown in Figure 2.3. This bridge
could be balanced with the thermistor at blood temperature T^ and the
resulting output voltages during use would be either proportional to
(T, - T ) or to (T, - T.), depending on which of the two thermistors 
b m b i
was incorporated into the bridge. This simple detection system was 
used in an erlier design, but was subsequently rejected in favour of the 
following constant current system. (The reasons for rejection will be 
mentioned later.)
In this detector system the thermistor, together with its lineari­
sing shunt, is fed with a constant current from a transistor. The cir™
«
cuit used to do this is shown in Figure 2.4.
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Figure 2.4. Constant current temperature detection circuit.
The base of the transistor is fed from a series stabilised zener
supply formed by and ZD^ Thus the base voltage VB of the transistor
is held substantially constant despite fluctuations in the supply volt-
age. For a given transistor, the base-to-emitter voltage is also
BE
substantially constant. The emitter voltage across VR1 is then 
fixed by the equation
VE VB ”  VBE 2.3
Having fixed the emitter current can be pre-set to a fixed- 
value by the use of VR1. The collector current Ic which flows through 
the thermistor and its linearising shunt, is fixed such that:-
IC = IB + IE  ...............................2.4
By selecting a transistor which has a suitably high gain, becomes 
very small, and variations in it, produced by variations in the supply 
voltage, can be neglected.
The output voltage from the detector is then of the form:-
VT = Ic (A - BT) ................. 2.5
where A and B are constants determined by the thermistor used
T is the absolute temperature of the thermistor.
Substituting values for T^, and T^, into Equation 2.5; subtracting 
the resulting equations from each other and substituting into Equation
2 . 1  yields:-
% = C ' A <Vi - Vm)/(Vm " V ........... 2*6
where C is a constant, which is in a suitable form for computation.
2.2.4 PRACTICAL REALISATION
In the computer unit, two constant current sources are used, one 
for each thermistor. The bases of both transistors are fed from the 
same stabilised supply. In the initial setting up, the collector currents
are adjusted to 100 yA by the use of VR1. The currents are matched to
within 0 .1 % by using a digital voltmeter.
The thermistor compensating shunts formed by R.^  and VR. 2 are 
mounted outside the unit on the input cable. By the use of VR.2 , the 
resistance presented to the current source by the probe can be pre-set 
to a precise value, and variations in thermistor resistance caused by 
ageing or manufacturing tolerances can be effectively eliminated.
The advantages to be gained from using constant current rather 
than bridge detection are mainly in terms of reliability. In an 
earlier bridge-based design (Roberts 1967), it was found that balancing 
the bridges was tedious and prone to considerable error. The constant
current system, once it has been set up, should require no further
adjustment during use. The elimination of variable potentiometers, 
which require frequent readjustment during bridge balancing, further 
enhances the reliability.
The use of the constant current system further eliminates the need 
to feed the detector output to a differential amplifier before the 
temperature signals can be subtracted.
Other marginal advantages are, for a given maximum thermistor 
power dissipation of approximately 3 yW, an increased detector gain of 
about 4 5 % and a reduction of thermistor power variation with tempera­
ture of about 60%. (Detector gain is defined as the voltage output per 
°C change in thermistor temperature.)
Using the components shown, the temperature rise of the thermistor 
caused by the detector current will have a maximum value of about 
3 x 10” 2 °C.
2.3.1 MEMORY CIRCUIT
The memory circuit is used here to store the voltage V^, which is 
proportional to the blood temperature just prior to indicator injection. 
This voltage is used during the subsequent indicator injection for com­
puting the blood flow.
The circuit used is shown in Figure 2.5. The voltage to be stored, 
V^, is fed to a differential amplifier via Ry. Any difference at the 
input to the amplifier, i.e. between and V^, will cause a positive or 
negative voltage to appear across the "Store" switch . On closure of 
this switch, Cj is either charged or discharged, R% being used to limit 
the charging current. The capacitor will continue to charge or discharge 
until V = V.. On releasing Sj, the input voltage prior to release° i
remains at the output, unaffected by subsequent changes in V^. Vq will 
remain at a fixed value for as long as the charge remains on 0%. Leak­
age of this charge is reduced to an acceptably low level by the use of
a 
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a high grade capacitor coupled with the field effect transistor VT 1 
and emitter follower VT2. By using a high grade paper/foil capacitor 
at this point, polarization effects associated with electrolytic 
capacitors are avoided. Two zener diodes ZD ^ and ZD2  are connected
across the input of the integrated circuit to protect it from input
overload.
Using the components shown, the output was found to change by 
less than 0.2% over a period of thirty minutes, as shown in Table 2.1. 
Voltages were measured with a Solartron LM1619 digital voltmeter.
Since the indicator injection, and therefore the computation, lasts for 
only twenty seconds, this level of leakage was deemed to be satisfactory.
Table 2.1. Memory circuit storage with time.
Stored Time
voltage (minutes)
1.823 0
1.824 6
1.824 1 2
1.825 19
1.826 25
1.826 30
2.4.1 SUBTRACTING CIRCUITS
The subtraction of the temperature dependant voltages is done in a 
two stage system shown in Figure 2.6.
In the first stage, two integrated circuits IC^ and IC2 are used 
to do the main fixed gain subtraction of the signals. In the second 
stage, two variable gain circuits are used to provide for three decades 
of flow rate, and to eliminate errors caused by the offset voltages of 
the integrated circuits used.
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Figure 2.6. Circuit of subtraction amplifiers
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The first stage has a gain of x2 and presents the temperature 
detection circuits with a fixed load. In this way it acts as a 
buffer between the temperature detectors and the gain switching cir­
cuits, the gains of which are calculated in the next section.
2.4.2 CALCULATION OF STAGE GAINS
For the thermistors used here, the resistances at 20°C and 37°C 
are, from manufacturer's data, typically 2 0 0 0 .fl and 980/1 respectively. 
Thus assuming the thermistor to be shunted with 1010/1 for linearising 
purposes (Roberts 1967), then the constants A and B in Equation 2.5 can 
be calculated to be 3660 and 10.2 respectively. If we then consider 
the flowmeter to work on the following three decades of flow:-
2.5 - 25; 25 - 250; 250 - 2500 ml/min, then from Equation 2.5 we
have that:-
Vi = 2.04 (T, - T ) .............................2.7D m
V 2 = 2.04 (Tm ™    2 . 8
where Vi and V 2 are the output voltages of the first stage differential 
amplifiers.
Using Equation 2.1 and assuming
(i) that K = 1
(ii) that Q. = 1 ml/sec 
i
(iii) that ^  = 293°K
(iv) that T^ = 310°K
the values of Vj and V 2 can be calculated for the extremity of each
decade range. These are shown in Table 2.2.
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TABLE 2.2. Detector output voltages for different flows
Vi Vo
ml/min mV mV
2500 0.81 33.87
250 6.71 27.97
25 24.48 10.20
2.5 33.39 1.39
These voltages must then be fed into amplifying stages which will 
raise them to a level where they can be computed by the divider/multi­
plier circuit (see Section 2.5). The main criterion here is that the 
ratio of the voltages fed to the divider/multiplier should fall below 
0.7 and that the maximum voltage should not exceed 10 volts - a limita­
tion imposed by the linearity of the amplifiers used. If we consider 
Figure 2.7 which shows the quantities and V^ being amplified by the 
coefficients A and B to produce the input voltages E^ and E 3 for the 
divider/multiplier (the third voltage Ej is considered = 1 ) then we may 
tabulate the respective voltages and gains for each of the three decade 
ranges, as in Table 2.3. It will be noted that all of the required gains 
are obtainable by using resistances which are all "preferred values".
1 % tolerance resistors are used throughout.
The effects of amplifier offset voltages which are nearly always 
present in integrated circuits are eliminated by the use of RV1 and RV^.
The frequency response of subtracting circuits is a matter of 
personal choice, depending on the type of flow encountered. With the 
components shown, the amplitude response is - 12db at about 50Hz.
This was considered to be sufficient for investigations using this type 
of flowmeter. .
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x A
DIVIDER -  
MULTIPLIER
Figure 2.7. Amplification coefficients of subtraction 
amplifiers.
TABLE* 2.3. Subtraction circuit coefficients.
Range Vml/min
V 2
mV
Vi
mV
A B
e 2
V
e 3
v
E
0
V
1 2500 33.87 0.81 2 0 1390 0.677 1.126
0.600
250 ' 27.97 6.71 2 0 1390 0.559 9.327 0.060
2 250 27.97 6.71 47 330 1.315 2.214
0.594
25 1 0 . 2 0 24.48 47 330 0.479 0.808 0.059
3 25 1 0 . 2 0 24.48 390 270 3.978 6.610
0.602
2.5 1.39 33.39 390 270 0.542 9.015 0.060
2.5.1. DIVIDER/MULTIPLIER
In the studies for which the thermal dilution flowmeter is used, 
the flowing blood has inherently few high frequency components of any 
significance, and so a circuit that would operate up to 1 kHz with no
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loss in accuracy was considered to be sufficient.
Most of the standard techniques (Korn and Korn 1956) used for 
dividing and multiplying were considered, but none seemed likely to 
lead to a simple solution. Of the more recent work in the field of 
analogue division and multiplication, time division techniques 
(Goldberg, 1952; Van Allen, 1955; Barber, 1963; Kettel and 
Schneider, 1961; Schmid, 1958; Kraicer, 1963; Gooberman and Jones, 
1965) generally offer the greatest accuracy. However not all designs 
will simultaneously divide and multiply. Designs using the properties 
of field effect transistors (Radeka, 1964; Highleyman and Jacob, 1962) 
were ruled out as being in general too inaccurate. A more recent 
design (Hutcheon and Puddefoot, 1965) had limitations on frequency 
response and input range which made it unacceptable.
The circuit described uses a sampling technique (Broomall, 1952) 
operating at frequencies considerably higher than those whose ratio and 
product are required. The circuit meets all the requirements using only 
one integrated circuit and four transistors. Figure 2.8 shows the com­
plete circuit.
2.5.2. THEORY OF OPERATION
The function of the unit is to generate an output voltage Eq, 
such thati-
Assuming that E 1 ,'E2and E 3 do not change appreciably during the sampling 
period they may be considered as d.c. quantities.
Consider that at time t = 0, the voltages across Cj and C 3 are 
zero. As C 3 begins to charge through R 3 from the source voltage E 3,
the voltage appearing at the base of V T^ will be given by:-
V 3 = E 3 . (1 - exp(-t/C3R 3) ) .................. 2.10
Similarly, the voltage across Cj will be given by:-
Vj = Ej . (1 - exp(-t/C]Ri) ) ............. .....2.11
Assuming that E^ is greater than V 3, the output of the amplifier will 
be approximately 10 volts. The diode ensures that the gate terminals 
of the field effect transistors VT^ and VT 3 are at about zero, where 
they are non-conducting and have their maximum value of drain-to-source 
resistance.
As C 3 charges, V 3 rises to a point where it is slightly greater 
than E2. The output of the amplifier, which is acting as a monostable 
multivibrator, then falls rapidly to about - 1 0  volts, at which it
remains for a period which is proportional to O2 ^R3 + R 7).
This negative pulse is applied to the gate terminals of VTi and 
VT 3 turning them to the conducting state, where they have their minimum 
value of drain-to-source resistance. This causes the voltages across 
Ci and C 3 to become zero. At the end of the pulse, the output of the 
monostable returns to 10 volts, and the cycle can recommence. The use 
of the diode prevents the gate-drain junction of VT 3 from becoming for­
ward biased when E 3 is negative. In this circuit the gate terminals of 
the field effect transistors are at a negative potential when the out­
put of the monostable is at -10 volts. When the output rises to zero, 
the negative charge on the gate terminals must be removed if the devices 
are to be turned on. This charge is removed by the use of capacitor C 5  
across the diode.
The maximum value which V 3 can reach is limited by E2. Further, the
maximum value ofV, isE .
1 o
♦ 1
2 
V
75
V W
Fi
gu
re
 
2.
8.
 
Ci
rc
ui
t 
of 
di
vi
de
r/
mu
lt
ip
li
er
.
76
Substituting into Equations 2.8 and 2.9 and eliminating time
E
1 - (1 “ 7^) X 
E 1
.2.12
where x = R 1C 1/R3C 3.
If now, RqCi is made equal to R 3C 3 then Equation 2.12 becomes
Eo ” E 3
Thus the amplitude of the output wave form is directly proportional 
to the product of E 2 and E 1, divided by E 3 .
2.5.3. DESIGN CRITERIA
The use of field effect transistors as choppers has the follow­
ing distinct advantages compared with conventional bipolar transistors. 
Firstly, the drain-to-source voltage in the conducting state is negli­
gible. Secondly, the drain-to-source resistance in the non conducting 
state is typically 1 0 9 - 1 0 1 1 ohms, ensuring that there is negligible 
reduction in the current charging the capacitors.
A further loss of charging current occurs in the need to provide 
a bias current for the operational amplifier. This bias current is 
typically 100 nA for the amplifier used. Its effect on the capacitor 
charging current is further reduced in this circuit by the use of an 
emitter follower VT2^ , which has a typical value of h ^  of 2 0 0 .
A second emitter follower VT2 reduces the loading of the generator
a
E2. The input offset current of the differential amplifier, which is a 
further source of error, can be provided by an imbalance in the emitter 
resistors R 2 and R 3 .
By far the largest potential source of error lies in the inequality 
of the time constants RiCj and R 3C 3 . For example, when E 2/E 3 - 0.5 an
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error of 1 % in the equality of the time constants will produce an error
of 1% in the output. Further, it should be noted here, that the source
resistances of E^ and E 3 should be included in and Rg respectively.
The sampling time depends on the ratio of E 2 /E3 , the maximum value 
being 40 ys, which corresponds to a ratio of E 2 /E3 = 0.5. The sampling
time can be varied by changing the time constants of the R-C circuits
RjCi and R 3C 3 . Reducing the time constants will raise the frequency 
response. The limitation on the minimum sampling time is set by the 
switching times of the monostable circuit and the field effect transistors. 
Ideally, the field effect transistors should change from the non-conduct­
ing to the conducting state immediately V 3 = E^. A small, but finite 
voltage difference between V 3 and E^ is, however, necessary before the 
output of the monostable circuit falls from + 1 0  volts.
If we neglect the effect of Ry, then the monostable circuit becomes 
equivalent to an integrator in which, in effects-
rt
E = (l/CaRe) (E2 - V3) d t   ......................2.13
0  o'
By substituting the values given in Figure 2.8 into Equation 2.13 it can 
readily be seen that only a very small voltage difference between E 2  
and V 3 is required to ensure that the field effect transistors are 
switched.
The conducting period of the field effect transistors is propor­
tional to the value of E2, and in this circuit varies linearly from 
16 ys to 9 ys, when E 2 varies over the range 0.05 < E 2  < 5.0 volts.
The resistance Ry is used to reduce the recovery time of the monostable, 
the only limitation being that the period must be sufficient to return 
Vi and V 3 to zero.
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The moment at which Vj and V 3 begin to decrease, occurs when the 
drain current of the field effect transistors exceeds the charging 
currents flowing through and Rg. This charging current will vary 
with the magnitudes of and Eg, being greatest for the maximum values 
of E 2  and Eg. The maximum value of E 2 is limited by the input conditions 
of the particular integrated circuit used here, to about 5 volts. The 
maximum value of Eg is slightly higher, being limited by the chopping 
output pulses of the monostable circuit. The relationship between V 3  
and the minimum value of eQ (the output voltage of the monostable cir­
cuit), that will assure pinch-off of the field effect transistors is 
given by:-
where E is the pinch-off voltage of the field effect transistor 
P
Eg is the forward voltage drop across the diode.
For practical purposes, V 3 has a maximum limit of ± 6  volts for the 
circuit in Figure 2.8.
The maximum possible value of capacitor charging current is, 
therefore, 60 yA. Under these conditions the drain-to-source voltage 
Vpg of the field effect transistors is zero. Similarly, when is 
zero, VDg is about 6  volts. The relationship between the two is linear, 
and has a slope determined by R% and Rg. By superimposing the 
curve on the I^/^g curve for the field effect transistor for the value 
of Vçg = 0 , an indication of the limitations of the field effect tran­
sistors as choppers can be obtained. This has been done in Figure 2.9, 
from which it can be seen that if E% is 6  volts, the charging current 
flowing into C \ will vary between 0 and 60 pA, depending on the ratio 
of E2/E 3.
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The point at which the two curves intersect will give a voltage 
V  below which the drain current is always less than the charging 
current 1^. Thus if the ratio E 2 /E3 is less than V^/6 , the circuit 
will become inoperative. In practice, the ratio is very small - about 
0 .0 0 2 , and the practical limitation of the circuit is set by the accuracy 
with which the offset of the amplifier can be reduced to zero.
2.5.4. THERMAL STABILITY
In the circuit described here, the use of an integrated circuit 
coupled with a dual planar transistor ensures an excellent thermal 
stability.
In a thermal test with static input conditions, the change in output
— 5
level was found to be approximately 2 x 10 %/°C, over the range 20°C
to 110°C.
05
6
VDS (volts)
Figure 2.9 Limitation of field effect transistor choppers - 
charging and drain currents as functions of drain 
to source voltage.
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Figure 2.10 Positive peak detector circuit.
2.6.1 POSITIVE PEAK DETECTOR
Before the output of the divider/multiplier can be used to drive 
the final amplifier, its pulses must be converted to a steady signal. 
This is done in the circuit shown in Figure 2.10.
This circuit is similar in form to the memory circuit shown in 
Figure 2.5, except that it functions continuously. The input voltage 
is applied to the non-inverting input of the amplifier, while the 
output is taken from the inverting input. If the voltage at the input 
terminal is greater than that on the capacitor, the output of the 
amplifier becomes positive, charging the capacitor. When the input 
voltage drops below the capacitor voltage, the output of the amplifier 
becomes negative and the diode becomes reverse biased. The capacitor 
is thus charged to the peak value of the input signal.
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2.6.2. PERFORMANCE OF THE DIVIDER/MULTIPLIER
The performance of the divider/multiplier was assessed using two 
different tests. The first involved supplying the circuit with three 
d.c. voltages; the second involved supplying the circuit with two d.c. 
voltages, the remaining input being a sinusoid of varying frequency. 
The results of these two tests are summarised in Figures 2.11 and 2.12 
and tabulated in Table 2.3.
Throughout this test Ej was maintained at 8.33 volts, and all 
readings were taken with a Solartron LM1619 digital voltmeter.
0-9 -,
(ACTUAL)
0 8  -
0 7  -
0 6 —
0 5  -
0 3  -
02 -
0 908 (
E2 / E 3
(NORMALISED)
070 60302
Figure 2.11 D.C. test curves of divider/multiplier.
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TABLE 2.3. D.C. performance of the divider/multiplier
e 2 (V) 0.0453 0.175 0.509 4.93
V e 1 E2 /E3
0.720 0.827 0.667 0.669 0.665
0.600 0.583 0.557 0.559 0.552
0.480 0.366 0.427 0.429 0.413
0.360 0.250 0.307 0.311 0.312
0.240 0.131 0.193 0.194 0 . 2 0 0
0 . 1 2 0 0.043 0.071 0.073 0.073
0.072 0.019 0 . 0 2 1 0 . 0 2 2 0 . 0 2 2
The offset voltage apparent in Figure 2.11 is produced by the 
offset voltage of the positive peak detector circuit, the effects of 
which can be eliminated by the introduction of a balancing voltage into 
the subsequent injection rate amplifier. It can be seen from Figure 
2 . 1 1  that for the range 0.175 < E 2 < 4.93 and 0.05 < E 2/ E 3 < 0 .5 , the 
divider/multiplier is accurate to approximately +1%. The errors produced 
at lower values of can be reduced by very precise reduction of the 
input offset voltage of the integrated circuit (see Section 2.5.3.)
Typical waveforms produced by the divider/multiplier circuit are 
shown in Figure 2.13. The top curve shows the form of the triangular 
pulses produced by the circuit. The centre picture shows the combined 
effect (top curve) of dividing a triangular wave (centre) with a square 
wave (bottom). The bottom picture shows the same using a sinusoid 
divider.
2.7.1. INJECTION RATE AMPLIFIER
The final stage of the computing unit consists of an amplifier, the 
gain of which is proportional to the rate of indicator injection. In the 
present design the rate of injection varies from 0 . 7 3  to 1.85 ml/s, in
33
ERROR IN V.
♦5
-10
-15
• -2 0
, -25
7 8 9 106532 A1
FREQUENCY IN KHz
Figure 2.12. Error as a function of frequency for a single 
sinusoid input.
three specific steps. The precise value of injection rate can vary 
slightly from probe to probe and accommodation must be made for this. -
The amplifier is also required in order to transform the output 
from the computing circuits to a level suitable for driving the record­
ing system used. In this case, the output for a full scale reading is 
1.25 volts.
The amplifier, shown in Figure 2.14, consists of a single integrated 
circuit with a variable negative feedback loop. The variable feedback
FIGURE 2*13. Divider/multiplier waveforms
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is provided by a bank of three decade resistances. The range of gains 
for which the unit will function is 0.50 to 2 .0 0 , although this could 
readily be extended if required. The point must be made, that if the 
range of gains is extended, then the errors caused by the inequality 
of source impedances will multiply. Over the given range, the errors 
inherent in this simple design have been found to be sufficiently low.
The output from this amplifier is fed to a 50 yA meter mounted on 
the front panel of the unit, and to a pen recorder. Figure 2.15 shows 
a photograph of the complete unit.
2.8.1. CHECK PROBE FACILITY
A facility is incorporated for checking that the probe is fully 
functional while it is placed in the body.
To check the probe, the "check probe" button is depressed. This 
disconnects the panel meter from the output and reconnects it to one 
pf the outputs of the temperature detector circuits. The thermistor 
selected 'for checking is indicated by the switch at the top of the front 
panel. (Two positions only are used although three are shown.) The 
resistance in series with the meter is pre-set so that when the thermi­
stors are functional at 37°C, the meter reads 17.5. Any marked diver­
gence from this indicates a faulty probe. The most common fault to be 
encountered is a broken wire, caused by rough handling. A "thermistor 
+ fault" resistance of about 2 .2 kn is sufficient to make the meter read 
full scale.
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2.9.1. DISCUSSION AND CONCLUSIONS
The computing unit described in this chapter represents a consider­
able advance on the original design (Roberts, 1967). This is not to 
say, however, that there is no room for improvement, but in this respect 
design refinements will only be possible after many months of clinical 
use.
The biggest single achievement in the design has been the divider/ 
multiplier unit, the size and cost of which are negligible when compared 
with commercially available units. While the performance of this circuit 
is capable of considerable improvement, when judged on a cost/effective­
ness basis it represents a very fair compromise. By making relatively 
simply modifications to the basic design it should be possible to 
tailor the circuit to meet far wider and more exacting specifications. 
Moreover, its versatility makes it an invaluable building block for a 
wide number of analogue computing applications.
The whole design has been the result of an attempt to produce a 
reliable, inexpensive piece of equipment which is simple to operate.
In this respect the design has been, to some considerable degree, success­
ful. The original unit which, in use, required repeated operation of 
six controls, has been reduced to one in which only two are used. In 
this latest design there is also the additional facility for checking ( 
the electrical continuity of the probe. The electrical tests on the 
unit have all shown it to function correctly, and previous work in this 
field has shown that the application of such a unit to dynamic flow 
measurement can be very successful.
The study which was being conducted concurrently with this work on 
the design and construction of the probe itself (Richards, 1970c), has
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unfortunately not reached a final stage. It is for this reason that 
no details of dynamic calibration or IN VIVO use of the complete flow- 
metering system can be given in this chapter. However, their exclusion 
from the chapter, though regrettable, in no way invalidates the work 
presented, as the necessary computation will be the same - regardless 
of the final probe configuration. Only a complete departure from the 
theory of Local Thermal Dilution would render the design obsolete, and 
this seems a very remote possibility.
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CHAPTER 3 
LIGHT DIFFUSION FLOWMETRY
3.1.1. INTRODUCTION
The two techniques of flow measurement detailed in the previous 
chapters of this section are both unsatisfactory for a number of 
reasons, several of which have already been discussed.
Electromagnetic flowmetry has the advantage that with careful use 
it has excellent repeatability and accuracy. It is, however, severely 
limited by the fact that the available probes are bulky and can only 
be applied to vessels which are exposed and well mobilised. This 
question of mobilisation, though unimportant in animal work, imposes 
severe constraints in patient investigations.
Attempts to extend the usefulness of the electromagnetic flow­
meter have been directed towards catheterised flowmeters (Mills, 1966; 
Bond and Barefoot, 1967; Warbasse, Heilman, Gillilan, Hawley and 
Babitt, 1969) . These are in fact true velometers and if the volu­
metric flow is required some assessment of the vessel cross section 
must be made. The main disadvantage with these probes is their size. 
For example the Mills probe (which is the smallest) is some 3mm O.D. 
and this severely limits the number of vessels in which it can be used 
without undue disturbance of the flow. A further disadvantage of these 
catheter probes arises from their lack of an iron core. This means 
that in order to obtain a workable signal output, the power dissipation 
at the probe tip is considerable. This high power dissipation can lead 
tô dénaturation and precipitation of blood plasma and represents a con­
siderable limitation on the use of the probes. Jones and Wyatt (1970) 
have studied the effects of this power dissipation and have reached the 
conclusion that Mills' probe is only safe if it is energised for less
than 5 seconds when making zero flow determinations, and should never 
be energised in free air. They further conclude that the probes des­
cribed by Bond and Barefoot (1967) and Warbasse et al (1969) are ther­
mally dangerous under all conditions and should not be used in humans.
The thermal dilution probe has the singular advantage that it is 
already catherised. It is also smaller than the Mills electromagnetic 
probe and may consequently be used in smaller vessels. It does how­
ever have its own drawbacks, two of which are most important. First, 
continuous measurements cannot be made for any length of time because 
of the quantity of indicator fluid that must be injected into the 
blood system. Secondly, measurements can only be made in a steady 
flow condition. This may not, at first, appear to be a serious limita­
tion, but it does mean that meaningful flow measurements can never be 
made in the unsteady conditions that might prevail in experimental 
investigations. Yet a further limitation is the inability of the tech­
nique to distinguish the direction of the flow.
If then both electromagnetic and thermal dilution flow measurement 
techniques are unsatisfactory, what technique can be used? At the present 
time there remain only three which are suitable for practical measure­
ment of vessel flow in the clinical environment. This distinction is 
important for there are several other techniques available which can be 
used satisfactorily under controlled laboratory conditions. The three 
techniques which remain are:-
(i) Transport time of indicator (radioactive or dye).
(ii) Ultrasonic velocity measurement.
(iii) Heated film velometer.
The first of these techniques is often limited to one-off measure­
ments, and the true instantaneous velocity cannot be measured by it.
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This technique will not be discussed further.
. The application of ultrasound to blood velocity measurement was 
first proposed by Franklin, Baker, Ellis and Rushmer in 1950. The 
application of this technique has centred around the use of cuff type 
probes - not unlike those used for electromagnetic flowmetry. The 
technique suffers, therefore, from the same serious limitation of the 
number of available measurement sites. Work is in progress in several 
centres to produce catheterised probes, but so far nobody has managed 
to produce a probe which is small enough for general peripheral use.
The idea of applying heated film velometers to blood flow is a 
comparatively recent one (Bellhouse, Bellhouse and Gunning, 1969). 
However, despite its appeal, the use of the probe is likely to be 
limited by the temperature rise at the probe tip (+10°C). Apart from 
this, the principal drawback of the technique appears to be in the 
difficulty of determining the flow direction.
The work on the calibration errors of electromagnetic flowmeters 
caused by haematocrit variations (Section 1.2.1.), brought to light a 
paper on the electrical conductance properties of blood in motion 
(Liebman, Pearl and Bagno, 1962). During the course of their investi­
gation they found that in addition to the electrical conductance the 
reflectance and transmittance properties of blood varied with its velo­
city, and this they explained in terms of erythrocyte orientation.
In the same year another investigation into intravascular reflec­
tion oximetry was reported (Enson, Briscoe, Polanyi and Cournand, 1962). 
These workers noted that a variation in the light reflection of blood 
occurred with pulsating flow, and that this variation could be as much 
as 20% of the steady state reflection signal. As far as they were
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concerned this pulsing signal caused artifacts in their measurements 
and the discovery that the pulsatile component was largely independent 
of wavelength (in the range of 660 to 805 nm) enabled them to remove it. 
However, their hypothesis that this reflection pulsation was being 
caused purely by a change in erythrocyte orientation is untenable on 
the basis of their reflection measurements which showed that the rela­
tive static reflection at 805 nm was almost half that at 660 nm. They 
also found, in the course of their investigation, that a peak reflection 
from blood occurred when the haematocrit was 0.5.
The questions that these investigations prompt are twofold. First, 
could this pulsation in the reflection properties of blood be used to 
measure the flow?
Secondly, if it could, would it be possible to construct an intra- 
vascular device that could be used, not only for oximetry and haemato­
crit determinations, but flow measurements as well?
This chapter is concerned with answering these two questions.
3.2.1. THEORY - INTRODUCTION
Many investigators have found that the optical absorption proper 
ties of whole blood differ considerably from those of haemolised blood. 
This difference arises from the complications of scattering caused by 
the presence of the erythrocytes.
Kramer, Elam, Saxton and Elam (1951), using whole ox blood, measured 
the transmittance of blood at various wavelengths using blood samples 
of differing thicknesses and oxygen saturation. They showed that light 
transmittance through blood did not obey the simple Beer—Lambert law.
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Fx = Fj, exp (-Ax) .........   3.1
where F^ = transmitted flux 
F. = incident flux
i
A = loss factor 
x = blood layer thickness.
They also showed that the optical density of blood is not a 
linear function of the concentration of the absorbing material (haemo­
globin) . Further work on the transmission and reflection properties 
of blood by Anderson and Sekèlj (1967) revealed that for blood layer 
thicknesses in excess of 2 . 5  x 1 0  m, the transmittance was described
by Twersky's (1962) multiple scattering theory. More recently, Johnson
- 3
(1970) has suggested that at distances greater than 1 0  m from the 
light source, diffusion processes predominate. The application of 
diffusion theory to blood flowmetry will now be considered.
3.2.2. LIGHT DIFFUSION THROUGH BLOOD
If an optical beam is directed towards a sample of blood, the 
incident photons (having a density of p^) will penetrate a certain 
distance into the blood before being scattered. Once the photons are 
scattered it is assumed that they are governed by diffusion equations. 
The photon density generated by the scattering of the exciting optical 
beam being denoted by pg.
Scattered photon flux at any point (x, y , z) is given by the 
diffusion equation:-
F = -DVp (x, y, z)  ..... ........................3.2
where p(x, y, z) is the photon density and D is the diffusion coeffi­
cient for photons.
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Taking the divergence of both sides of Equation 3.2 we obtain:-
VF = -DV2 p(x, y, z)
Due to continuity of photons,
dp(x, y, z)/dt = -VF - p(x, y, z)/T + g(x, y, z)
where T is the mean photon lifetime and g (x, y, z) is the rate of
conversion of collimated to diffused photons per unit volume.
Now in the steady state,
dp(x, y, z)/dt = 0
so DV2p(x, y, z) - p (x, y , z)/T = -g(x, y, z) ............. 3.3
Which may be rewritten as:-
(V2 - f /D)p = -p.f / D ...... ..........................3.4a s i s
where f^ is an absorption constant = 1/T
f is a diffusion scattering constant s
p^ is the incident photon density
pg is the scattered photon density
The photon flux equation for the incident beam is given by:-
F. = p.cS 
i i
where F^ is the vector photon flux in the direction 0 , and c is the
velocity of photon propagation in the medium.
The continuity relationship for p^ states that the total flux of inci­
dent photons into a volume V equals the rate at which photons are 
absorbed and scattered according to the equation
- <) p^c? . dS = (f + f )p.dV................  3.5a s ri
where S is the surface which surrounds the volume V.
For convenience we shall consider a collimated beam of incident 
photons directed along the y-axis, as shown in Figure 3.1.
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Figure 3.1. Light diffusion through blood
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Applying the divergence theorem to Equation 3.5:- 
-V. (Picy) = (fa + fs)p.
This equation gives a partial differential equation for p^, the solu­
tion of which is:~
p. = p R exp(- y/d ) ..................................3.6
* 1  oo P
where R denotes the radial dependence in cylindrical co-ordinates nor­
malised to unity at r = 0 . is the photon density at r = y = 0 .
dp is the penetration depth defined by the equation
dp = c/(fa + £s>
Referring back to Equation 3.4, the right hand side may now be written 
as:-
-<fs/D)pooR exp(- y/dp)
This constitutes the generator or source term and represents sources of 
pg generated by the scattering of p^.
Equation 3.4 is in a form which is found in electromagnetic field 
theory and may be solved using the Green1s function technique. In this, 
an integral equation is obtained for the scattered photon density in an 
infinite medium.
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Using this we obtain:-
Ps(r) = (fs/4ïïD) (exp - R/d )p. (rf)dVt/ R ............. 3.7
1 S 1
where dg is the scattered photon penetration depth and is defined by 
the equation
ds = /(D/fa)
The primed variables rT and dV* have their accepted meaning and denote
the source point co-ordinates where scattering of p^ occurs. The
unprimed r denotes the field point where the scattered photon density
Ps is observed. R is the distance between the field point r and the
source point rf. The volume V includes all of the space where the
unscattered photon density p. exists.
i .
If we assume that r » r f. Equation 3.7 reduces to:-
p. (r,)2 TTrtdr,dyt 
V 1
Pg(r) = (fg/4nDR)(exp - R/dg)
Since we are considering the application of a cylindrically symme­
trical optical beam travelling in the +y direction imposed at x — y — 0 , 
then pu = 0 for y < 0 and p^ is given by Equation 3.6 for y >0. For 
the case where the beam has a radius (a) “
Pi = poQexp(- y/dp) r < a
P£ = 0  r > a
and the photon density becomes:-
Pg = (fsP0 odpa2/4D/^ :r^r)) exp /(r2  + y 2 )/ds) .......3.8
From this equation is can readily be seen that a contour of constant 
optical flux density is a circle centred at r = y = 0 .
Equation 3.8. can be further simplified if we are prepared to detect
the scattered flux along the x-axis where y = z = 0. In this case
Equation 3.8 further reduces to:-
p = (f p d a2 /4Dx) exp(- x/d ) 
s s oo p s
3.10
3.2.3. EFFECTS OF HAEMTOCRIT
The absorption and diffusion coefficients for blood are functions 
both of wavelength and erythrocyte concentration. They are also, to a 
certain extent, dependent on oxygen saturation, though this effect may 
be ignored if the wavelength of the incident light occurs at an isobestic 
point (805 nm for example).
Work by Zdrojkowski and Pisharoty (1970) as well as that of Loewinger, 
Gordon, Weinreb and Gross (1964) indicates that the exponential term of 
Equation 3.10 should be modified to account for these variations.
The scattered photon penetration depth dg is directly proportional 
to the mean optical path length of a photon between scatterings. This 
length is denoted by L. Thus
d = KL 
s
The work of Loewinger et al further indicates that the mean path length 
between scatterings is related to the concentration of the scatterers - 
in this case the erythrocytes - by the expression:-
L = Lo(A)/(l - H) H
where Lq (A) is a specific path length which is a function of wavelength 
and erythrocyte geometry. H is the haematocrit (assumed, for simplicity, 
to be a linear function of the haemoglobin concentration). Thus Equation 
3.10 can be modified toi-
p = (f p d a2 /4Dx) exp(- K,H(1 - H)x ) ..................3.11
s s oo p ■ •
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3.2.4. EFFECTS OF MOTION . .
Equation 3.11 specifies the scattered photon density in a sample 
of blood in which the scatterers (erythrocytes) are uniformly distri­
buted. However, several workers have produced evidence which suggests 
that when blood is flowing through a conduit, a cell free layer will 
form at the blood/wall interface. The presence of such a layer will 
clearly affect the diffusion of light through the blood. In particular, 
it will affect the magnitude of d^, the depth to which the incident 
photons penetrate before being scattered.
The presence of this cell free zone has been postulated to explain 
the non-Newtonian behaviour of blood flowing in closed conduits. Hershey 
and Cho (1966) have calculated the thickness of this zone from data 
relating flow and pressure gradient. They have shown that the thick­
ness of this layer varies as a function of the shear stress at the wall, 
the relationship being approximately of the form:
e'= A loge (Tw /To)
where A is a constant; T is the shear stress at the wall and T isw o
a constant. More recently, Dennis and Wyatt (1969) have confirmed this 
and, by analysing the changes in electromagnetic flowmeter sensitivity 
produced by variations in haematocrit, have shown that the thickness of 
the cell free zone varies inversely with the haematocrit (over the 
range 0.295 < H < 0.6 6 )
Since, under laminar flow conditions in a rigid tube the shear 
stress at the wall is proportional to the mean blood velocity (v), 
then
e = B(1 - H) log^ Cv/V0) .............................. ;. .3.12
where B is a constant.
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Now the effective depth to which photons will penetrate before they
are scattered -(d ) is given by the expression:-
d = d (1 + Ae) .....       3.13
pe p
Thus if we substitute Equations 3.12 and 3.13 into Equation 3.11, 
and assuming that f >> f (work on extinction coefficients by Gordy 
and Drabkin,(1957) indicates that this is true for X>750 nm) then
pg = (pooa2 c(l + A T(1 - H)loge(v /v q))/4Dx)exp (- K*H(1 - H) x)
3.14
Other work on the orientation of erythrocytes in flowing blood has 
shown that in the region close to the wall the erythrocytes tend to 
align themselves with their biconcave surfaces parallel to the shear 
plane (Phibbs and Burton, 1965) . This orientation would lead to a 
preferential scattering of the photons in the direction of the flow, so 
Equation 3.14 can be modified empirically to allow for this:-
Ps = (pooa2 c(l + A f(1 - H) loge (v/vQ))/4Dd) exp ( - K fH(l - H) d)
3.15
where Î 1 is a directional constant of proportionality; d is the 
source-detector separation.
Equation 3.15 although very over-simplified, broadly specifies the 
scattered photon density that would be produced upstream and downstream 
of a source of radiation under conditions of laminar flow. It can be 
seen that by suitable manipulation of the outputs of detectors placed 
downstream and upstream of the source, voltages should be produced which 
are proportional to flow velocity, blood haematocrit, or both. The sub­
sequent sections of this chapter will consider the construction and per­
formance of a simple flow sensor based on Equation 3.15. Figure 3.2 
shows diagrammatically the basis of the simple flow measuring system.
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A source of radiation is imposed perpendicularly to the direction of 
flow. The resulting scattered photons are then picked up by detectors 
placed upstream and downstream of the source.
SUBTRACTION FUNCTION METER
CIRCUIT GENERATOR
FLOW HEAD
SOURCE 
POWER SUPPLY
Figure 3.2. Light diffusion flowmetry - transducer/amplifier 
schematic.
3.3.1. DESIGN OF A FLOWMETERING SYSTEM
In the preceding section a theory was developed upon which a 
design for a flowmetering system could be based. In establishing 
this theory, however, certain simplifying assumptions were made. Since 
these assumptions impose restraints on the design they are repeated 
below.
(i) The system should be 1 infiniteT and have a uniform distri­
bution of erythrocytes (except for the cell-free region at 
the wall).
(ii) The detector-source separation must be greater than 10 3 m
• for the diffusion equations to hold.
103
(iii) The light source should have a cylindrically symmetrical 
collimated beam and be imposed in the +y direction.
(iv) The light detectors must be placed on the x-axis at a 
point where y = z = 0 .
(v) The wavelength of the incident light should be greater 
than 7 . 5  nm in order that light absorption by the blood 
should be minimal.
(vi) If the effects of oxygen saturation are to be ignored
the incident light should have a wavelength which occurs 
at an isobestic point (805 nm for example).
With these limitations in mind it was decided to design, in the 
first instance, an extracorporeal probe which would be suitable for 
inserting into a simple laboratory test rig. In order that the probe 
size should match into existing apparatus it was further decided to 
. design the probe around a 10mm I.D. tube.
3.3.2. SELECTION OF A LIGHT SOURCE
In choosing a suitable light source, two basic alternatives 
present themselves. First, a filament bulb with its associated optical 
lens and filtering system. Secondly a solid state semi-conductor lamp.
Use of the filament bulb has the advantage that the output light 
flux is high and can have a wavelength which may be determined with a 
reasonable degree of precision. However it does have the disadvantage 
of considerable heat dissipation and is, by comparison with the solid 
state source, very large.
Use of the solid state lamp has the advantage that the beam can be 
very small. It does, moreover, give a narrow spectral bandwidth without 
the need for additional filtering. The disadvantages in using the solid 
state lamp are (i) that its light output is small and (ii) that the 
light wavelength is predetermined and may not be exactly that required.
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Bearing in mind all of these points and also taking the rela­
tive costs into account, it was decided to use a solid state lamp.
There are several of these on the market mostly emitting radiation m  
the near infra-red region. The cheapest available was that manufac­
tured by Plessey (Type GAL 1). This is a Gallium Arsenide diode 
mounted on a TO.18 header with an integrally moulded lens. The peak 
wavelength '(920 nm) is not exactly that required but should be suffi­
ciently close to 805 nm for the effects of oxygen saturation changes 
to be small. The output light from this solid state lamp does not 
have exact cylindrical symmetry but is emitted in a very narrow cone 
with an apparent source area of 2 x 10 m2. The manufacturer's data
indicates that the output light flux from the device is a function of
diode current and obeys the law
p  = K(A + BIJ ...............  3.16
op i
where A, B and K are constants and is the diode forward current.
3.3.3. SELECTION OF A DETECTOR
In choosing a detector system, two basic alternatives again 
present themselves. First the most sensitive device is a photomulti­
plier tube, but this has the disadvantage of being very bulky.
Secondly there are photovoltaic cells which are both small and inex­
pensive.
The detector unit chosen was a silicon photovoltaic cell manu­
factured by Plessey (Type S.C.l). This is a miniature strip device 
whose spectral response matches the output of the GAL 1 light source. 
The source and detector are thus well matched pair. The output from 
the device is, for low incident intensities, a linear function of the 
illumination as long as the device is loaded with an impedance of less 
than 1  k*l.
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3.3.4. COMBINED SOURCE/DETECTOR ASSEMBLY
The flowhead was constructed along the general lines adumbrated 
by Figure 3.2., and shown in section in Figure 3.3. Transparent pers­
pex was chosen as the basic material as it has excellent light trans­
mission properties and is easy to machine. In order that tests could 
be made on the effects of source-detector separation, three pairs of 
detectors were used. These detectors (2) were mounted, at distances 
of ±5, ±7.5 and ±10 mm from a central (source) position, along the 
longitudinal axis of the transparent perspex tube (10mm I.D., 14 mm 
O.D.). The detectors were mounted in slots cut into the side of the 
tube (4), perpendicular to the longitudinal axis. They were held in 
place by imbedding them in transparent epoxy resin. The dimensions of 
the detectors were such that they covered (in the transverse direction) 
a length which was very nearly equal to the inside diameter of the tube. 
Their photon capture was further enhanced by the diverging lens effect 
produced by their mounting slot.
The light source (1) was carried in a perspex saddle (3) which 
could be slid along the tube into a position midway between the two 
sets of detectors. This saddle also served as an anchoring point for 
the various leads from the detector and source (not shown).
In order to exclude any possible effects of ambient illumination, 
the whole assembly was enclosed in an aluminium canister (not shown), 
which served additionally as an electrical screen.
The signals from the detectors and the power supply for the source 
were routed via a double screened cable which led to the amplifying 
system which is discussed in the next section.
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3.4.1. DESIGN 0F AN AMPLIFIER SYSTEM - STAGE 1
In designing the amplifier system, it was decided that integrated 
circuit amplifiers should be used throughout since these allow very 
rapid modification of the circuitry. They are also relatively inexpen­
sive and their cost continues to fall.
Initial thoughts around the subject suggested that two factors 
should be allowed for in the design. First, possible variations in 
detector output caused by variations in blood temperature. Secondly, 
possible variations in detector sensitivity. Provision has been made 
for both of these factors in the schematic shown in Figure 3.4. In 
this, each "active" detector (PDj, PD3) is placed back to back with a 
"passive" detector (PD2 , PD^) (which does not face the blood, but is at 
temperature equilibrium with it). In this way, any temperature dependence 
of the detector outputs is effectively eliminated, and the detectors 
have a linear radiation/voltage characteristic.
In the lower of the two amplifiers in Figure 3.4. (IC2 ), allow­
ance is made for possible inequality of the detector sensitivities.
This is effected by means of a variable feedback loop (formed by Rg 
and VRj.) which can be used to adjust the closed loop gain of IC2 . The 
outputs of IC1 and IC2 are then fed for subtraction to IC3 , the output 
from which is proportional both in magnitude and polarity to the flow. *
The above arrangement was tried, using pA 709cTs for the integrated 
circuits. It was, however, found at an early stage that (i) the 
temperature effects had little or no effect on the output, and (ii) 
that the whole arrangement gave rise to very poor common mode rejection.
It was further found that the common mode rejection could be impro­
ved (by a factor of approximately 3X) by replacing 10% and IC2 by
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yA 74Lcfs which are approximately three times as expensive as the 
yA 7090*3. At this point, however, the whole design was reappraised 
and changed to that shown in Figure 3.5.
R7
R9PD1
X 10
R12PD2
R2 IC 1
VR1.R6
R 3
X 100
RIOPD3
X 10
P0 4
IC 2
R11R6RS
Figure 3.4. Light diffusion flowmeter - amplifier design Stage 1.
3.4.2. STAGE 2 DESIGN
In this design (Figure 3.5.) the "passive" temperature- 
compensating detectors have been removed and the "active" detectors 
placed back to back. A further addition to this design was the intro­
duction of a Balance voltage. This was necessary in order to eliminate 
any output of the detection system when the blood was at rest. This 
balancing voltage was introduced at the second stage of amplification 
and was derived from a double, series-zener-stabilised supply. However,
109
it was found that using this arrangement it was impossible to provide 
a balancing voltage which was stable to better than ±0.01 v. With 
the subsequent amplification of 1 0 “ this was clearly unsatisfactory.
An attempt to derive the balance voltage from a Mallory battery was no 
improvement - it merely led to a steady unidirectional drift. These 
factors led to the next stage in the design.
R4
R7
R5PD1
X 10
PD2
ICIR 2
X 10000
IC 2
♦12 v
R6
5-6v
R3
BALANCE VOLTAGE
A
Figure 3.5. Light diffusion flowmeter - amplifier design Stage 2.
3.4.3. STAGE 3 DESIGN
This stage in the design is illustrated diagrammatically in Figure 
3.6. In the set up shown, the circuit is reduced essentially to two 
stages. In the first the outputs of the two detectors are subtracted
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R7
R5
X 1000
R6
BALANCE VOLTAGER3
R8
Figure 3.6. Light diffusion flowmeter - amplifier design Stage 3.
and amplified by 103. In the second, a balance voltage is introduced 
before the signal is further amplified by a factor of 1 0 2.
This stage in the design development coincided with the intro­
duction onto the market of a very low drift integrated circuit, the 
pA 727B. This particular device is supposed to possess good thermal 
stability, having its own inbuilt temperature compensation network.
A composite amplifier was therefore constructed using a pA 727B/pA 741 
combination (as recommended by the manufacturers) as the first stage.. 
This was fed into a pA 709c which constituted the final stage. The 
balancing voltage was derived from a single series-zener-stabilised 
supply.
Figure 3.7 shows the drift/time characteristic of the composite 
amplifier (curve A). For this test, Ri = R 2 = 560/1 ; Rg = R 4 = 560 k/i ; 
r 5 = r6 = 1 kfl. Î r? = 100 k/1. (Component values are for Figure 3.6.)
Ill
The input terminals were not connected to the detectors, but were 
short-circuited to ground. Figure 3.7. shows the drift voltage 
(referred to the input) as a function of running time, the power 
supply having been turned on for thirty minutes before connection
to the amplifier.
d r if t  voltage
REFERRED TO 
INPUT IMV)
-2 -
Figure 3.7. ^ ^ ^ ^ ^ r h e ^ 7 0 3 - 7 O 3 - 7 o / s y s t e m  (curve B).
Curve B shows the results obtained using the 709/709 combination 
as the first stage. The two curves indicate quite clearly that the 
original cascaded 709 amplifier is superior to the much more costly 
727/741/709 complex, from the point of view of drift. The new circuit 
was, t h e r e f o r e ,  abandoned in favour of the former 709 system, the com­
plete circuit of which is given in Figure 3.8. It is worth noting at
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this point that the noise level of SGS Fairchild yA 709c amplifiers 
was found, in general, to be a factor of at least 3X better than the 
equivalent device manufactured by Philco. Furthermore it was noticed 
that the yA 741 device is particularly prone to shot noise.
The noise level of the complete cascade amplifier shown in Figure 
3.8 was found to be 0.3 yV r.m.s. referred to the input, with the input 
short-circuited.
3.4.4. LIGHT SOURCE SUPPLY.
In order to maintain the source flux sensibly constant, the Gallium 
Arsenide lamp was powered from a simple series-zener-stabilised supply, 
very similar to that described in Section 2.2.3 and shown in Figure 2.4. 
In this cfise, however, the component values were:- 
R 1 = 390S1
VRi = 500/1 (adjust lamp current)
ZDi = M-ZE 4.7
VTi = TIS 52
VR- 2 and R 2 are omitted
Thi is replaced by the Gallium Arsenide lamp.
3 .5 .1 . PERFORMANCE OF THE TRANSDUCER/AMPLIFIER COMPLEX
The performance of the complete flowmetering system was assessed by 
comparison with the Nycotron electromagnetic flowmeter. This instrument, 
using an extracorporeal probe, has been shown (in Section 1.2.4) to be 
insensitive to haematocrit variations and is thus an ideal comparative 
standard.
.
In order to make the comparisons, citrated whole human blood was 
allowed to flow from a constant head reservoir, through a water-filled
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heat exchanger; through the electromagnetic probe and through the 
light diffusion flow head, into a bottom reservoir. From this reser­
voir it was returned to the top reservoir with the aid of a double 
roller pump.
The heat exchanger was used to maintain the blood temperature at 
37°C, and the oxygen saturation of the blood was kept sensibly constant 
by continuously bubbling through it a mixture of 95% 0 2  and 5% CO2 *
The flow rate from the top reservoir was controlled by means of a gate 
clamp while the rate at which blood was returned to the top reservoir 
was controlled by the thyristor speed controller of the circulating 
pump.
The performance of the system was assessed by conducting four 
series of tests. These were carried out:-
(i) to assess the effects of source current variations
(ii) to determine the effects of source-detector separation
(iii) to discover the effects of haematocrit variations
(iv) to assess the effects of blood velocity.
3.5.2. EFFECT OF SOURCE CURRENT
In this series of tests the detectors spaced at ±7.5 mm from the 
source were used. Source current was set at four discreet levels 
(20, 40, 60 and 80 mA), and the flow through the probe varied over the 
range ±1800 ml/min. Blood was sampled at the start and at the finish 
of the test and the mean value of haematocrit taken. The output from 
the detector/amplifier system was fed to an ultraviolet recorder which 
also traced the electromagnetic flow recording.
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The results of the investigation into source current variations 
are tabulated in Table 3.1. The effective detector output (which is 
the system output voltage divided by the system gain) is tabulated 
against flow as measured by the electromagnetic flowmeter. The tabulated 
readings are the mean values of three consecutive readings.
The readings shown in this table are plotted in Figure 3.9. From 
these curves, the mean detector output for a given flow in each direc­
tion was calculated. Several such values were then plotted on a semi- 
logarithmic basis as shown in Figure 3.10. From the set of lines shown 
in Figure 3.10 a further graph was developed. For a flow rate of 
1600 ml/min the value of detector output was determined for each value 
of source current. Detector output was then plotted as a function of 
source current, as shown in Figure 3.11.
3.5.3. EFFECT OF SOURCE-DETECTOR SEPARATION
In this series of tests, the source current was set at 80 mA in 
order to give the maximum possible output. As before, flow was varied 
over the range ±1600 ml/min, and tracings of the flow indications were 
made. Two separate runs were made, using two different pairs of detectors 
for each run, the separation being ±5 and ±10 mm respectively. In order 
to assist the analysis, the figures for detector output have been 
^normalised* to a source-detector separation of 7.5 mm. This process 
involves multiplying the actual output by the factor 7 .5 /d where d is 
the source-detector separation in mm. The figures for detector output 
quoted in Tables 3.2 and shown in Figures 3.12 and 3.13 are these norma­
lised values.
The results of these two runs are shown in Table 3.2. and plotted 
in Figures 3.12 and 3.13. In both of the figures, the graph based on 
linear axes is coupled with the semi-logarithmic plot derived from it 
(as detailed in the previous section).
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In order to estimate the relationship between detector output 
and source-detector separation, the value of the normalised output 
was taken from each of Figures 3.10, 3.12 and 3.13 for Q = 1600 ml/min. 
These values were then plotted as a function of the source-detector 
separation. The resulting curve is shown in Figure 3.14.
TABLE 3.1a i
Source current I (mA) 20 40
Flow
nl/min
Detector o/p
uv
- Flow 
ml/min
Detector
yV
- - 1 2 4.0
32 2 . 0 24 8 . 0
80 3.0 160 9.0
320 3.0 288 9.0
640 3.5 640 1 1 . 0
928 4.0 928 1 2 . 0
1232 3.5 1280 14.0
1600 4.0 1600 16.0
1824 4.0 1856 18.0
- 1 2 -1 . 0 - 1 2 -4.0
-28 -3.0 -28 -9.0
-56 -7.0 -56 -15.0
-144 -9.0 -144 -2 2 . 0
-352 -1 1 . 0 -352 -26.0
-640 -13.0 -640 -30.0
-928 -14.0 -960 -34.0
-1216 -15.0 -1216 -38.0
-1536 -15.5 -1536 -39.0
-1792 -16.0 -1792 -44.0
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TABLE 3.1b '
Source current I (mA) 60 80
s
Flow Detector o/p Flow Detector o/p
ml/min yV ml/min yV
18 1 0  1 2  18
. 24 14 24 2 0
72 18 -
160 2 1  160 26
384 21 384 29
640 23 640 30
- - 928 30
1280 30 1280 36
1856 32 1856 38
-12 -7 -12 - H
-28 -13 -40 - 2 2
-64 -22 -64 -30
-144 -35 -144 -46
-352 -41 -320 -56
-640 -53 -640 -69
-960 -56 -928 -73
-1216 -60 -1230 -78
-1538 -60 -1536 -80
-1792 - 6 8  -1792 -84
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DETECTOR OUTPUT 
{ / IV )
80
20 mA 
40mA  
60mA  
80mA
7 5 mm
H = 38 2 %
37 C
2 0100 5- 0 5— TO
FLOWRATE 
( l/m in)-10
-20
-30
-50
-60
-70
-80
-90
Figure 3.9 Flow calibration curve with varying source currents
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detector output 
I /JV)
70 -, I = 80 mA
60 -
50 -
I-= 40 mA30 -
20 -
10 -
50001000500100
FLOWRATE
(ml/min)
Figure 3.10 Calibration curves for a detector-source 
separation of 7.5 mm.
SOURCE CURRENT 
(m A )
100 -,
80 -
40 -
6 = 1600 ml/min
20  -
0 10 20 30 50 60
DETECTOR OUTPUT 
(/*V)
Figure 3.11 Detector output as a function of source current 
for Q = 1600 ml/min and d = 7.5 mm.
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TABLE 3.2
Source-detector 
separation (mm)
10
Flow Normalised o/p Flow Normalised o/p 
ml/min yV ml/min yV
160 115
- .240 157
320 5.0 320 170
640 10.5 608 190
896 14.5 *864 190
1216 20.0 1248 200
1600 24.0 1600 2 2 0
-160 -125
-240 -157
-320 -4.0 -320 -167
-640 -6 . 0  -640 -180
-928 -8.0 -928 -175
-1280 -10.0 -1248 -175
-1600 -11.0 -1568 -180
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DETECTOR OUTPUT 
(/JV)
250 -I
200 -ls = 80 m A  
d = 5 mm  
H = 394 
T = 37°C 150 -
100 -
50 -
08-0 4- 0-8- 1 2-16
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-50
-100
-150
-200
J -250
DETECTOR OUTPUT 
(ji'V)
200
150 -
100
50001000500100
FLOWRATE
(ml/min)
Figure 3.12 Flow calibration curve for a source-detector separation 
of 5 mm. (Detector output normalised to d = 7.5 mm)
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d e t e c t o r  o u t p u t  
(pV)
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d = 10 mm 
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Figure 3.13
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• DETECTOR OUTPUT 
(mV)
10 -i
Q = 1600 ml/min
0 5 -
0 05 -
001
SOURCE-DETECTOR SEPARATION
I mm )
Figure 3.14. Normalised detector output as a function of source­
de te ct or separation for Q = 1600 ml/min; I = 80 mA.
3.5.4. EFFECTS OF HAEMATOCRIT
In order to estimate the effects of haematocrit variations on 
the sensitivity of the flow detection system, two separate tests were 
conducted. In each of these tests a pint of citrated whole human blood 
was taken and the supernatant plasma removed. The remaining blood 
(about 300 ml) was then placed in the flow test rig and circulated 
through the probes.
The flow in the test rig was maintained at approximately 780 ml/min 
(as measured by the electromagnetic flowmeter) throughout the investiga­
tion. The output from the two flow detection systems was traced by 
the ultra-violet recorder. Four readings of the pen deflection for 
the light diffusion flowmeter were made at each value of haematocrit. 
After the first set of four readings had been taken, the haematocrit
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of the blood was progressively lowered by the addition of plasma or 
saline - one complete experiment being performed with each diluent.
The results of this investigation are tabulated in Tables 3.3 
and 3.4. In Table 3.3. are shown the results obtained when using 
normal saline as the diluent. Table 3.4. shows the results obtained 
when using plasma. In each table the four consecutive readings of pen 
deflection are given together with their mean value. The results 
given in these two tables are plotted in Figure 3.15. In this figure 
the output of the light diffusion flow detection system, expressed as 
mm pen deflection, is plotted as a function of haematocrit.
PEN DEFLECTION 
(mm)
100 -i
90 -
80 -
70 -
60 ■
50 -
30 -
•  Saline dilution 
à Plasma dilution
20 -
10 -
0 10 20 30 A0 50 60 70
HAEMATOCRIT (%)
Figure 3.15 Variation in sensitivity as a function of 
haematocrit for human blood diluted with 
saline and with plasma.
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TABLE 3.3. Saline dilution
Haematocrit Flow Pen deflection Mean deflection
(%) (ml/min) (mm) (mm)
60.0 768 84 76 90 76 81.5
51.5 800 71 71 71 71 71.0
45.0 784 52 52 48 50 50.5
40.0 800 40 42 38 40 40.0
36.0 832 35 32 34 32 33.2
30.0 784 34 37 36 36 35.7
2 1 . 8 800 40 39 39 39 39.2
1 2 . 1 800 52 48 51 47 49.5
5.8 768 , 50 53 55 50 52.0
TABLE 3.4. Plasma dilution
Haematocrit Flow Pen deflection Mean deflection
(%) (ml/min) (mm) (mm)
64.4 768 8 6  87 90 8 8  87.8
50.0 768 75 76 74 75 7 5 . 0
43.1 768 65 6 6  62 62 63.8
37.6 768 60 60 60 58 59.5
28.6 768 51 54 52 53 52.5
23.5 752 63 58 57 64 60.5
21.9 768 6 8  72 6 6  64 67.5
15.0 752 81 79 78 82 80.0
3.6.1. DISCUSSION
In general, the performance predictions made for the light diffusion 
flow measuring system in Section 3.2.4 have nearly all been met. We 
shall now consider these predictions in turn.
(i) On the question of the effect of source current, it was stated 
in Section 3.3.2 that the output photon density produced by the Gallium 
Arsenide lamp was of the form:-
p = K(A + BI ) where I is the source current.
*00 s s
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Now regressional analysis of the line in Figure 3.11 yields the 
equation
E = -6.82 + 0.8261   3.17
s
where E is the detector output.
The detector output is directly proportional to the scattered 
photon density surrounding it (Ps)> which in its turn is proportional 
to the source photon density (P00)• Thus Equation 3.17 agrees exactly 
with the prediction of Equation 3.16.
(ii) On the question of source-detector separation, the line in 
Figure 3.14 (which uses normalised values for detector output) yields 
the equation
E = (A/d) exp (~Bd) ................   3.18
where A, B are constants, d is the source-detector separation.
By reference to Equation 3.15 it can be seen that Equation 3.18 
also confirms the predictions.
(iii) The results given, in Sections 3.5.2 and 3.5.3., on the effects 
of velocity, are plotted in Figures 3.10, 3.12 and 3.13. These three 
curves all show that:-
E = C log (Q/D)
where C, D are constants, Q is the mean flowrate.
Now since the system is a rigid one, the volume flowrate is directly 
proportional to the mean velocity (v) , so the equation may be rewritten 
as:~
E = C loge (V/D*) ........  ....3.19
Reference to Equation 3.15 indicates that this result was also predicted.
127
The apparent asymmetry of the flow characteristics shown in 
Figures 3.9., 3.12., and 3.13., is probably caused by slight misalign­
ment of the source.
In considering this relationship it will be seen that, by reference 
to Figure 3.13., the deviation of the actual results from the theoretical 
predictions is greatest with the source-detector separation of 1 0  mm. 
Furthermore, the deviation is greatest when the flowrate, and hence 
the detector output, is low. In this region, the true detector output 
is less than 5 yV and it may well be that although the noise level of 
the amplifying system is only of the order of 1 yV (Section 3.4.3.), 
the noise generated by the silicon photovoltaic cells is significantly 
higher than this. This would lead to a very poor signal to noise ratio 
at this part of the working range and could account for the deviation 
from the predicted performance. Clearly, in designing a practical 
system one would never choose to work at this point.
(iv) On the question of the effects of haematocrit, there is con­
siderable disparity between the predicted and the actual results. The 
theory developed indicates that the effects of haematocrit variations 
should follow the equation:-
E = A(1 - H) exp (-BH (1 - H) )  ............  3.20
where A, B are constants. However, the results obtained suggest an 
equation of the form:-
E = A(BH + exp (-CH (1 - H) ) ) ...........     3.21
which is entirely different.
In both of these equations the exponential term, when considered 
alone, should produce a minimum value for the sensitivity of the detec­
tion system when H = 0.5. . Although the results indicate an evident
shift towards a lower value of H, this prediction appears to approxi­
mate to the truth. This shift may well indicate that the mean path 
length between scatterings (L) is not inversely proportional to H(1 - H) 
as has been believed hitherto.
What is further evident from the results is that the hypothesis 
that plasma layer variations will give a flow-dependent signal in incor­
rect. This is confirmed by the fact that when using saline as a diluent, 
the sensitivity is lower than when using plasma (Figure 3.15). Normally 
saline would be expected to produce a thicker cell-free layer for a 
given flow than would saline. This would lead (if Equation 3.15 holds) 
to a higher output when using saline. The results obtained indicate 
that the converse is true, and would indicate that erythrocyte orienta­
tion is a more important factor in producing the flow-dependent signal.
3.6.2. CONCLUSIONS
The conclusions to be drawn from this chapter are at one and the 
same time both encouraging and discouraging.
The results are encouraging because they demonstrate that a flow- 
dependent signal can be obtained by using equipment that is essentially 
very simple. Although the exact relationship between this signal and 
the flow is still uncertain, it nevertheless exists and is, moreover, 
repeatable (Tables 3.3 and 3.4 reveal a repeatability of approximately 
±5%).
The results are discouraging because they throw doubt on measure­
ments currently being made on oxygen tensions using intravascular probes. 
Several papers have appeared on the subject of intravascular oximetry
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and indicator dilution measurement, in which cyclic variations have 
been observed in synchronism with the cardiac cycle (Hugenholtz, Gamble, 
Monroe, Polanyi, 1965; Gamble, Hugenholtz, Monroe, Polanyi, Nadas,
1965; Fromer, Ross, Mason, Gault, Braunwald, 1965). It is a matter of 
concern that these variations, which have been interpreted as variations 
in oxygen saturation or flow, may be nothing more than changes produced 
by varying erythrocyte orientation. Furthermore, the equipment used to 
make these measurements costs several thousands of pounds. These factors 
are probably reason enough for continuing this present investigation.
Before this line of research can arrive at any definite conclusions, 
however, a very detailed biorheological investigation must be conducted 
to determine the flow/orientation characteristics of the erythrocytes. 
When this has been done the light diffusion equations may be suitably 
modified. It is unfortunate that the extent and complexities of such 
an investigation place it beyond the scope of this current thesis.
Work is, however, currently being conducted into the changes of the 
electrical impedance of blood with motion (Frewer, 1970). This research 
indicates that these changes may be explicable in terms of erythrocyte 
orientation and should, when completed, provide invaluable corrobora­
tive information.
In the opening section of this chapter two questions were posed.
The first concerned the use of the motion-induced changes in the reflec­
tion properties of blood as a means of measuring the flow. In the 
light of the investigation just completed, the answer to this question 
must be an optimistic affirmative, although at present any such measure­
ments would be based on empirical equations. The second question con­
cerned the possibility of constructing an intravascular device for
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oximetry, haematocrit determinations and flow measurements. Taking 
into account the current advances being made in the field of fibreoptic 
technology, the answer to this question must also be an optimistic 1 
affirmative for the following reasons:-
(i) the equations developed in Section 3.2.3. suggest that 
measurements of haematocrit could be made with the aid of a fibreoptic 
probe. The only apparent drawback being the need to determine on 
which side of the paraboloid characteristic one lay (see Section 3.2.3). 
This could perhaps be done by injecting a small- quantity of saline at 
the site of measurement. A fall in haematocrit indication would indicate 
that 0.5 < H 4  1.0 and a rise in the indication would indicate that 
0.0 < H ^  0.5.
(ii) intravascular measurements of oxygen saturation are already 
being made, though their accuracy is open to question. Work must clearly 
be done to determine positively whether the cyclic variations observed 
in oxygen saturation are artifact or not. This could be done most 
simply by testing a commercially available instrument under known 
steady flow conditions.
(iii) on the question of flow measurement it would seem that any 
fibreoptic device constructed on the lines suggested would be a velometer 
and not a volume flowmeter. Such a device would, however, have the 
very important advantage (when compared with existing systems) that 
all the transducing elements would be outside the body, rendering them 
less liable to damage.
To summarise, the investigation presented in this chapter confirms 
that flow-dependent variations in the optical transmission properties
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of blood do occur, though their exact nature has still to be determined. 
The results also indicate that the construction of an intravascular 
fibreopticprobe which could be used to measure oxygen saturation, 
haematocrit and blood velocity should be feasible. Such a probe would 
have the singular advantage of being able to perform all three measure 
ments simultaneously at the same site. Several of the problems in 
designing such a probe have been illuminated. They must now await 
further work before they can be eliminated.
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Chapter 4
MEASUREMENT OF VASCULAR CONDUCTANCE
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CHAPTER 4 
MEASUREMENT OF VASCULAR CONDUCTANCE
4.1.1. INTRODUCTION
A haemodynamic analysis of any organ or limb involves, for the 
most part, the measurement of pressure and flow and a great deal of 
information can be obtained from a consideration of the mean values 
of these parameters. When considering changes in pressure and flow, 
clinicians have drawn heavily on the electrical analogues of voltage 
and current and the concept of Peripheral Vascular Resistance (Green, 
Lewis, Nickerson and Heller, 1944) is still widely used.
More recently, however, it has been recognised that to consider 
only the mean ( or d.c.) values of a parameter is limiting. Investi 
gators studying the biomechanics of arteries were quick to realise 
that both flow and pressure should be considered as dynamic (or a.c.) 
quantities (McDonald and Taylor, 1959). Since then several workers 
have studied the vascular impedance of the arterial system (Patel,
Mallos, Fry, 1964; Patel, Austin, Greenfield, Tindall, 1964; Bergel 
and Milnor, 1965; Attinger, Sugawara, Navarro, Riccetto and Martin, 
1966). Unfortunately, the measurement of vascular impedance is only 
possible with the aid of a suitable digital computer and this naturally 
inhibits widespread measurement of this parameter. The increasing 
awareness of the value of blood flow measurements is leading to a 
rapid expansion of the number of instruments available commercially.
As the use of blood flowmeters increases, the demand for further analysis 
will grow, but the high capital cost of digital computers will prevent 
all but a few from making this analysis in depth. On the basis that 
'half a loaf is better than no loaf* it was therefore decided that to
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compromise and to measure the peripheral vascular resistance 
continuously would be of value, if it could be done cheaply.
Clinicians are familiar with the concept of vascular resis­
tance, stemming as it does from the analogues of Ohm*s law. However, 
in the clinical environment, a poor state (e.g. with advanced vascu­
lar disease) is characterised by low flows and high vascular resis­
tance. This, however, is antithetic, and it would seem simpler to • 
consider the vascular conductance ( the reciprocal of resistance).
In this case the disease state is characterised by low flows and low 
vascular conductance. It is the intention of this chapter, therefore, 
to describe the design and construction of an analogue computing unit 
which will calculate the instantaneous value of vascular conductance 
so that it may be displayed continuously alongside flow and pressure 
waveforms, thus providing a further adjunct to haemodynamic analysis.
4.2.1. THEORY AND UNITS
A pre-requisite to the measurement of vascular conductance is the
measurement of blood pressure and blood volume flow rate. These two
units are customarily measured in units of mm Hg and ml/min respectively. 
Taking the analogue of Ohm's law we have that:-
e
Vascular conductance G = Q/P
v
where Q is the blood volume flow rate into an organ or limb. P is the
arterio-venous pressure difference, though for most purposes the
arterial pressure alone is sufficient.
If the units of Q and P are ml/min and mm Hg respectively, then the 
units of vascular conductance or vascular conductance units (v.c.u.) are 
ml/min.mm Hg.
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Figure 4.1. Block diagram of peripheral conductance meter.
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Figure 4.2. Circuit of pressure transducer amplifier.
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Rationalising these to SI units we have that:-
—9 _ — i — -I
1 v.c.u. = 12.5 x 10 m5N s
These SI units are mentioned here for completeness. They will not,
for the reasons mentioned in the introduction to the whole thesis, be
used in preference to the v.c.u., and all measurements made will be
quoted in these units.
The requirements which the unit must fulfil are:-
(i) it should produce a readout of pressure from a standard pres­
sure transducer;
(ii) it should take a flow signal from a flowmeter and divide this 
signal by one derived from the pressure recording;
(iii) it should, from this ratio, provide a readout of vascular 
conductance.
The block diagram of the unit designed to fulfil these requirements 
is shown in Figure 4.1.
4.3.1.' MEASUREMENT OF PRESSURE
In experimental and routine clinical investigations the measurement 
of intravascular pressure is most often done with the aid of a strain 
gauge transducer, and it is for one of these that the unit is designed. 
The transducer used in this case is the Bell and Howell type 1,221 which 
has a maximum pressure rating of 760 mm Hg. The transducer and cable 
together form the four arms of a wheatstone bridge, having nominal arm 
impedances of 160/1 . Two of the arms are fixed resistors while the 
remaining two are metal strain gauges bonded to the diaphragm of the 
transducer. The maximum pressure that is likely to be encountered is 
about 200 mm Hg and the amplifier is designed to give a 10 volt output 
at this pressure.
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The transducer is fed by a series-zener-stabilised supply of 
+ 4 . 7  v.derived from the +12 v. rails by the use of ZDj and ZD^, 
as shown in Figure 4*2. The amplification of the pressure signal 
is done with a single integrated circuit amplifier yA 709C. The 
gain required to produce the necessary output voltage is approxi­
mately 4000 and this is obtained from the ratio of Rg/(R-i + &%), 
where Rg is the effective bridge resistance. Slight trimming of 
the values of Rj and R 2 allow the gain to be adjusted exactly while 
maintaining the rejection to common mode signals as high as possible. 
The amplifier is protected against input overload (as might occur 
when the transducer is plugged in or out) by the use of two zener 
diodes, ZD2 and ZD 3 placed back to back. The effect of offset volt­
ages arising from inequality of the bridge arms, and from the 
amplifierf>s standing offset voltage, is eliminated by the use of the 
coarse and fine balance controls, VRj and VR2. These feed an extra 
balancing voltage into the non-inverting input of the amplifier.
The bandwidth of the amplifier in the "pressure recording" mode 
is determined by the feedback components Rg, Ci and C2, and with the 
components shown has an amplitude response which is flat (±0 . 1  db) up 
to 300 Hz, the -3 db point occurring at 670 Hz. Additional filtering 
of the pressure waveform is provided at two points. First, between 
the output of the amplifier and the input to the divider circuit, and 
secondly at the output to the readout meter. The first of these 
additional filters is provided in order to ensure that the divider 
circuit is fed with a voltage proportional to the mean pressure. The 
second provides additional filtering for the pulsatile pressure wave­
form and the five positions of the filter switch (Figure 4.4.., SW2) 
give amplitude responses which are db at the following frequencies:- 
450 Hz; 10 Hz; 1 Hz; 0.1 Hz; 0.005 Hz.
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4.3.2. DIVIDER CIRCUIT
The circuit used to do the division of flow signal by pressure 
signal is a modification of that detailed in Section 2.5.3. and is 
shown in Figure 4.3. The modification essentially consists of reducing 
the sampling time (by increasing the values of Cj and Cg). This is 
possible here because the unit is being used to obtain the ratio of two 
relatively steady voltages. Referring to Figure 4.3 the output from 
the flowmeter is fed in as Ej (see Section 2.5.2.). Similarly, the 
output from the pressure detection system is fed in as Eg. The 
remaining voltage E^  is derived as a positive voltage from the potentio 
metric chain formed by Rg and VRj.
The flowmeter with which this unit is designed to function is the 
Nycotron 372 electromagnetic flowmeter which gives an output of ± 6  v. 
for full-scale deflection. Filtering of the flow waveform is done in 
the flowmeter itself, to produce a mean flow signal. It should, how­
ever, be noted that the time constants of the two filtering systems 
(for flow and pressure signals) are identical. The pressure signal 
will normally lie within the range 5 - 10 v. (100 - 200 mm Hg) and so, 
in order to work within the limits set in Section 2.6.2., E2 is set at 
0.5 v. This gives a good margin for operation, and the unit should 
function satisfactorily down to pressures of 20 mm Hg (where E2/Eg =0.5).
4.3.3. FILTER CIRCUITS
The final stage in the unit consists of filter circuits. These 
are provided for two reasons. First, to provide additional filtering 
for the pressure waveform before it is fed to readout devices, as men­
tioned previously. Secondly to provide a conversion from the triangular 
pulse waveform of the divider circuit to a steady voltage for feeding to 
readout devices.
-► 
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For the latter of these an alternative to the technique detailed 
in Section 2.6.1. is used. Here an amplifier, having a bandwidth 
which is less than the sampling frequency of the divider circuit, is 
used. This is acceptable only if the output waveform is triangular 
and with a negligibly small "off" period. The waveform shown in 
Figure 2.13 (top) has an "off" period which is about half the duration 
of the triangular component and would not be satisfactory. However, 
in the modified divider circuit used here, the "off" period has been 
reduced ( by reducing the value of C^), while the sampling period has 
been lengthened. The approximation is therefore acceptable.
The use of this alternative method of filtering has two further 
advantages. First, the gain of the whole system may be readily adjusted 
to drive any type of readout device and secondly, any offset voltages 
which are present may be eliminated with the use of VRv
Finally, the outputs from the pressure detection system and the 
divider/filter complex can be routed by suitable switching to a panel 
meter, and also (though not shown on the circuit diagrams) to galvano­
meters in an ultra-violet recorder. Provision is also made for switch­
ing between two decades of vascular conductance. With a flow input 
(full scale) of 1 0 0  ml/min, the full scale readings on the two ranges 
are 0.5 and 5.0 v.c.u. The complete unit is shown in Figure 4.5.
4.3.4. CALIBRATION
Calibration of the unit was performed by attaching a pressure trans­
ducer to a known pressure (verified by reference to a mercury in glass 
manometer) and feeding increments of voltage between ± 6  v. into the flow­
meter input. The output voltage was then measured with the aid of a
142
digital voltmeter (Solartron LM1619) at the junction of Rg, R' 
R10. The results of this calibration are tabulated in Table <
plotted in Figure 4.6a.
s#
Figure 4.5 Peripheral vascular conductance meter.
TABLE 4.1.
p = 100 mm Hg (V^ = 5.00v) E2 - 0.50v
vq
(v) (v)
6.00 2.26
5.00 1.84
4.00 1.45
3.00 1.10
2.00 0.72
1.00 0.34
-1.00 -0.34
-2.00 -0.74
-3.00 -1.08
-4.00 -1.44
-5.00 -1.84
—6.00 —2.26
and 
. 1 and
143.
Table 4.2 shows the results of a test made by fixing at
5.00 v. and varying the pressure between 20 and 200 mm Hg. In 
Figure 4.6b the results are plotted as the output voltage against 
the reciprocal of the pressure.
TABLE 4.2.
V = 5.00v
q
E 2  = 0.50v
P C Vo
(mm Hg) (v)
200 0.93
180 1.02
160 1.12
140 1.31
120 1.55
100 1.84
80 2.28
60 3.06
40 4.60
20 9.20
The two curves indicate that the conductance meter works satis­
factorily for a range of pressures given by 20 mm Hg < P < 200 mm Hg, 
and a range of flows of ± full scale output of the Nycotron flowmeter, 
If necessary, the conductance meter could readily be adapted to suit 
any other flow measuring device, by inserting an amplifier having a 
suitable fixed gain at the "Flowmeter input".
The results plotted in Figure 4.6a indicate an overall accuracy 
of ±3%. This is confirmed by Figure 4.6b which indicates an overall 
accuracy of ±2%. Since these both lie within the measurement errors 
produced by the electromagnetic flowmeter itself (see Section 1.6.1.) 
the unit is considered to be sufficiently accurate for the purposes 
of most investigations.
144
OUTPUT VOLTAGE V0 (v)
FLOW VOLTAGE Va (v)
5 0 0  v
OUTPUT VOLTAGE V0 (v )
10
8
6
2
0
00 5003002001
Figure 4.6. Calibration curves for the vascular conductance meter. 
(Figure 4.6a - top : Figure 4.6b - bottom)
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CHAPTER 1 
EFFECTS OF EXTERNAL MAGNETIC FIELDS
1.1.1. INTRODUCTION
The application of moving magnetic fields to the pumping of 
electrically conductive fluids has been confined almost exclusively 
to industrial processes, most of the work having been done in Russia 
(Okhremenko, 1965).
The idea of applying the action of moving magnetic fields to 
aid the return of venous blood from the leg is attractive for two 
reasons
(i) Blood, though not a homogenous fluid, is electrically 
conductive;
(ii) the cross-sectional area of leg veins exceeds the cross- 
sectional area of leg arteries in the region of the calf. Therefore 
any force applied in the direction of venous return, though antagoni­
stic towards arterial inflow, should have a net effect which is bene- 
ficial.
This application of magnetohydrodynamics was first proposed by 
Korchevskii and Marochnik (1965). However their proposals were super­
ficial and no attempt was made to apply theory to practice, probably 
because of the very complex mathematics which solution of their equa­
tion would involve. Furthermore, dimensional analysis of their work 
reveals certain unexplained omissions. The purpose of this chapter is 
to reveal whether or not the magneto-hydrodynamic pumping of blood is 
a practical possibility.
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1.1.2. THEORY
Greig and Freeman (1967) have demonstrated that the travelling wave 
problem in electrical machines can be analysed in terms of matrix nota 
tion, in which the basic Maxwell equations are eliminated in their diffe 
rential form. This matrix notation can be used to assess the effect of 
a moving field on a trough of blood. This trough, for the purpose of 
this analysis, is considered to be rectangular, the x and y dimensions 
being very much greater than the z dimension.
LAMINATED 
IRON #
BLOOD
i LAMINATED |
Figure 1.1. Schematic representation of a magnetohydrodynamic 
blood pump.
Making this assumption, the maximum magnetohydrodynamic force that 
could be exerted on blood can be made by considering the system shown in 
Figure 1.1. This is an idealised representation where the system consists 
of a layer of blood (region 2) bound by two regions of laminated iron 
(regions 1 and 3).
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In this idealised case a current sheet J = Re J*exp(j(wt - ky) ) 
lies between regions 1 and 2. The exciting field travels, with 
respect to a stationary reference frame, at a velocity of w/k metres/ 
second, and the wave length of the applied field is X.
The separation of the regions of laminated iron is g.
B refers to the z-component of the magnetic flux density.
H refers to the y-component of the magnetising force.
Subscripts 9 pertain to the appropriate regions.1, 2, o
From Equations 4 and 5 (Greig and Freeman, 1967),
Bi
-j'
since = 0
B0 1
• 2
* * •"33B2
cos h(kg) 
lB2 sin h(kg)
(l/$2) sin h(kg) 
cos h(kg)
b /1
L-J'J
1.1
where k = 2ïï/X
e2 = Y2/ju0li2k
83 = ^3/j,iO,,3k
If we assume that g << X and kg very small then Equation 1.1 becomes
[ B2 ‘
B1 - (J'/62) kg"
."33B2.
e2 kg -j '
Thus Bg = - J1 jp0p2kg(k/Y2)
and -33B2 = (y2kg B1)/(jy()y2k) - Jf
Assuming further that the flux densities at the two iron/blood 
regional interfaces are equal, i.e. that B^ = B^ - B then:
-By3/jy0y3k = (kgy^/jy0y2k) - Jf
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.*. J1 = B/jy0( (Y2g/y2) + )   1,2
If we assume further that »  y2 i.e. that the magnetic permeability 
of the iron is very much greater than that of the blood then Equation 
1.2 becomes:
J* = (Bkg/jy0y2)(y2/k)
Assuming that there is no slip, then Y2 = k = 2ïï/X
So B - jy()y2J,/k.g.
Assuming further that the magnetic permeability of blood approaches 
that of free space (yQ), then y2 - 1.
.'. B - jp^J'/k.g.
= jAirJ1 X/2TTgl07........................     I*2
which is the expression for the flux density in the blood produced by 
the current sheath J.
From Equation 1.1 we have that
B2 = B1 cos h (Ygg) - (JV32) sin h (Ygg)
and
”^3B2 = Bi^2^sin h y28  ^ ” Jl cos h (Y2g)
= 0
so B^ = (J1 cot h (Y2g) )/32
Now the power into the region is given by the expression
= ~Re(w/2k)B^H^ (from Greig and Freeman Eq. 10)
= -(w/2k) Re ( (J1 cot h (y^g)/32)(~d') )
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= (wJt2/2k) Re (cos h (Y2g) )/32 
= Re (wJî2juo/2y22g)
Now y22 = k2 + j/d22
Y2 = (1 + j/2k2d22) 
where d 2 = P2/yoy2W P2 being the resistivity of blood.
Thus, P. = Re (wJt2ju /2g(k2 + ju p?w/p ) ) m  o o £ £
= 2XIff2J2/ g 1014 watts/m2  .....  1*4
Thus the force F exerted on the blood by the moving magnetic field 
is given by:-
p = p, /fx where fX is the wave velocity,
in
= 2X2fJ2/ g 10*4N/m2  ......................  ....1.5
»
If we consider a possible design using the following parametric 
values, then we can assess the possible effect of the moving field.
X = 0.5 m 
f = 50 Hz
J = 1000A/m2
-3
g = 10 m
p = 1.43nm (Wyatt, 1969)
Thus, substituting the above values we get
P = 2.18 x 10"4 W/m2
- 5  o 
F = 8.75 x 10 N/m2
1.1.3. DISCUSSION
The figures quoted for the design parameters represent a realistic 
machine which could be readily constructed. However, the resultant
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force which would be exerted on the blood (roughly equivalent to 
70 millionths of a mm Hg) is so small, that the whole concept of 
magnetohydrodynamic blood pumping as a practical measure is clearly 
untenable. Examination of Equation 1•5 indicates that only by 
increasing the current density J, could the force be increased to 
any great extent. However, the magnetic flux that would be achieved 
before any significant motive force were produced would be considerable. 
Although the effects of magnetic fields on biological materials have 
been assessed (Gauquelin, 1966 and others) a considerable amount of 
work would have to be done to assess the long term effects of exposure 
to high intensity a.c. fields before they could be applied to patients. 
At the present time the limiting factor is not the science, but rather 
the technology of magnetohydrodynamics.
A test conducted using normal saline (which has substantially 
similar electrical properties as blood) confirmed that the application 
of moving magnetic fields to the pumping of blood is impracticable.
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CHAPTER 2 
EFFECTS OF EXTERNAL PRESSURE
2.1.1. INTRODUCTION
In order to minimise stasis in the veins of the leg three methods 
that have been employed either alone or in combination are.
(i) the application of compression bandages to occlude 
the superficial veins ;
(ii) elevation of the legs above the horizontal to empty 
the superficial veins; and
(iii) tilting the whole body in the feet up position to 
assist the gravitational return of blood to the 
heart.
McLachlin, McLachlin, Jorg and Rawling (1960) have demonstrated 
radiographically that in patients maintained in the horizontal supine 
position, the clearance of dye from valve cusps and soleal sinuses is 
very much slower than from the main veins. They also demonstrate that 
with active dorsi and plantar flexion of the foot, the clearance time 
of dye from the valves is approximately halved, and that from the sinuses
is reduced by 60%.
A 1 5 ° feet up table elevation on the other hand produces approxi­
mately an 80% reduction in clearance times from both sites. This latter 
finding agrees with that of Wright and Osborn (1952) who demonstrated a 
50% reduction in 24NaCl foot to groin transit time when the patient was 
inclined 10° feet up. A doubling of the velocity of deep venous flow 
by applying a uniform pressure of 2 0 - 3 5  mm Hg over the entire leg has 
been demonstrated radiographically by Stanton, Freis and Wilkins (1949).
More recently Makin, Mayes and Holroyd have demonstrated a similar 
increase (using 125I - hippuran) when applying a tubigrip elastic
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stocking. The stocking was considered to exert a pressure of 
approximately 14 mm Hg on the calf.
It has however also been shown that total limb flow may be 
seriously impaired by external compression (Ashton, 1966; Ginsberg, 
Miller and McElfatric, 1967). In both of these investigations blood 
flow was measured by plethysmography. Using this technique it is 
difficult to differentiate exactly what is being measured, and it 
seems likely that the reduction observed is largely in superficial 
and skin blood flow. The accuracy of Ashton1s .method has been further 
questioned by Spooner, Corne and Stephens, (1967).
In another investigation, the effect of external pressure on calf
133muscle blood flow has been assessed using Xenon (Campion, Hoffman 
and Jepson 1968). They found that with increasing splint pressure 
there was a progressive reduction in calf blood flow, a pressure of 
40 mm Hg producing a 72% reduction.
The effects of localised compression have been shown, again phlebo- 
graphically, to impair venous return considerably, while a generalised 
compression (up to 20 mm Hg) has been shown not to produce appreciable 
impairment (Husni, Ximenes and Hamilton, 1968).
The measurements that have been made on the effects of external 
pressure are all questionable to some extent for the following reasons
(i) observations made on the basis of phlebography are suspect 
unless the injection of the radio opaque medium is done under exactly 
identical conditions in each patient. In practice this means injecting 
with a powered injector whose injection rate is fixed. None of the 
investigations reported considered this to be important and so all are 
suspect.
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(ii) Observations based on flows measured by means of plethysmo- 
graphs are suspect because of the difficulty of differentiating between 
skin and muscle flow (Sigdell, 1969).
(iii) Observations based on measurements involving the injection of 
an indicator substance into a collapsed venous system are suspect, 
because the measurement made is of the velocity of transport of the 
indicator, rather than the velocity of blood flow.
For these reasons it was considered worthwhile to investigate the 
effects of incremental increases in external pressure on blood volume 
flow rate in the leg.
The investigation was carried out in three parts:
(i) A preliminary investigation into the effects of external pres­
sure on flow in the femoral vein and artery of greyhounds was carried out. 
Included in this were measurements of peripheral vascular conductance 
(see previous section).
(Ü) A corroborative study on the effects of external pressure on
femoral vein blood volume flow rate was carried out in nine patients.
(iii) A short investigation into the efficiency of two types of
bandages in exerting pressure on the leg.
2.2.1. ANIMAL INVESTIGATION
Animal experiments were conducted on eight greyhounds weighing between 
22 and 31 kg. General anaesthesia was induced with intravenous Nembutal 
in a dose of 30 mg/kg and maintained with supplementary doses as required. 
In all experiments continuous records of blood flow were traced by an 
ultra-violet recorder as pressure was applied to the right limb by means
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of an inflatable plastic splint (Parke-Davis & Co). Intravascular 
pressures and vascular conductances were also traced by the ultra­
violet recorder, the signals originating from the Peripheral Vascular 
Conductance Meter detailed in a previous chapter. The experiments 
were divided into three series.
2.2.2. EFFECT ON VENOUS FLOW OF INTERMITTENT PRESSURE
In the first series of three dogs, the ileo-femoral veins of one 
hind limb were exposed and all tributaries between the deep thigh veins 
and the internal iliac vein ligated and divided. In one dog both ileo- 
femoral veins were exposed. Flows were measured in the ileo-femoral 
veins using the Nycotron 372 electromagnetic flowmeter and acute cuff 
flow probes type PS. Simultaneous measurements of deep femoral vein 
pressure were also made in the right limb, by passing a Portex 12"
(red) intravascular catheter retrogradely into the main vein via a deep 
tributary and connecting it to a Bell & Howell pressure transducer 
type L221. The catheter was so situated that its tip lay in a section 
of the vein beneath the compressing splint. The experimental set up 
is shown in Figure 2.1.
Increments of pressure varying from 5 to 140 mm Hg were applied 
with the inflatable splint. Each pressure was maintained for five 
minutes and was followed by a five minute recovery period. The mean 
blood flows were obtained from the recorder traces by planimetry, flows 
being measured after the initial transient changes had occurred and when 
a steady state had been achieved.
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ELECTROMAGNETIC  
FLOW METER
COMPRESSED
CUFF FLOW PROBE
FEMORAL
VEIN
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INFLATA BLE
SPLINT
Figure 2..1. Experiment for determining the effects of externally 
applied pressure on the femoral vein blood flow in 
the dog.
2.2.3. RESULTS
The readings of femoral vein flow (Q) and pressure (P^) under 
different values of splint pressure are shown in Table 2.1. The 
changes produced are summarised in Table 2.2. Percentage change in 
flow AQ is shown for increments of pressure from 5 to 140 mm Hg. 
Similarly change in deep femoral vein pressure (AP^ in mm Hg) is shown 
over the same range of splint pressures.
Table 2.3 shows the effects of pressure applied externally to one 
limb of a dog, on femoral vein flow in both limbs. The increments of 
pressure are restricted in this dog to between 10 and 40 mm Hg. The 
flow in the control limb is tabulated against the flow in the experi­
mental (compressed) limb Q^. Sustained percentage change in flow in the
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control leg AQc is shown together with sustained percentage change in 
flow in the compressed (experimental) limb AQ^. The net percentage 
change referred to the control limb is AQ^ AQ^.
TABLE 2.1
Dog 1 2
Splint Q P Q P Q P
res sure Pg V V V
(mm Hg) ml/min mm Hg ml/min mm Hg ml/min mm Hg
0 - - 153 3.0 188 12.0
5 - - 148 5.0 193 13.0
0 268 10.5 138 3.5 168 8.0
10 228 13.7 136 6.5 187 17.0
0 243 10.5 136 3.5 189 10.0
15 224 18.5 129 10.0 168 24.0
0 290 10.5 140 3.5 173 9.0
20 235 13.0 131 12.0 154 34.0
0 259 10.5 152 3.0 190 9.0
40 132 43.0 106 26.0 136 42.0
0 278 10.0 170 3.0 177 16.0
60 95 58.0 100 40.0 105 36.0
0 269 10.5 206 3.0 159 -
80 73 62.0 102 56.0 85 -
0 243 10.5 186 3.0 163 15.0
100 43 58.0 92 72.0 77 30.0
0 240 10.0 200 0.0 166 -
120 54 45.0 96 80.0 75 -
0 264 10.0 221 2.0 174 —
140 72 37.5 100 90.0 76 -
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TABLE 2.2 
Dog
Splint 
pressure Pg
AQ% AQ% APv
•1
APv
(mm Hg) ml/min mm Hg ml/min mm Hg ml/min mm Hg
5 - -3.4 2.0 +3.0
1.0
10 +14.5 3.2 -1.5 3.0 +11.2 9.0
15 -7.6 8.0 -5.3 6.5 -11.1
14.0
20 -18.9 2.5 -6.8 8.5 -11.0 25.0
40 -49.0 32.5 -30.4 23.0 -28.6 33.0
60 -66.0 48.0 -41.2 37.0 -40.8 20.0
80 -72.8 51.5 -50.7 53,0 -46.7
—
100 -82.0 48.0 -50.5 71.5 -52.6 15.0
120 -77.5 35.0 -51.8 79.0 -55.0
—
140 -72.7 27.5 -54.7 88.0 -56.3
TABLE 2.3 '
Splint 
pressure Pg Qc Qe
A^% (AQe " A(V %
(mm Hg) ml/min ml/min
0 134 151
10 128 165 -4.5 +9.3 +13.8
0 153 155
20 155 146 +1.3 -5.8 -7.1
0 128 156
40 152 144 +18.7 -7.7 -26.4
Figure 2.2 shows the results plotted from Table 2.2. With splint
pressures above: 12 mm Hg femoral vein flow shows a progressive decrease
The points which are the mean values obtained from 3 sets of data in
Table 2.2 indicate an asymptotic réduction in flow at pressures greater 
than 100 mm Hg where the reduction is about 60%.
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CHANGE IN 
FEMORAL VEIN 
FLOW CA)
♦2 0 -
SPLINT PRESSURE 
(mm Hg)
HO120100
-20 -
DOG
-4 0 -
-60 -
-80 J
Figure 2.2. Change in femoral vein blood flow in the dog 
as a function of externally applied pressure.
The effect on deep vein pressure of externally applied pressure 
indicates that while the increase produced at each increment of applied 
pressure follows the external pressure it does not equal it. This is 
. shown in Figure 2.3.
INCREASE IN 
FEMORAL VEIN 
PRESSURE (mm Hg)
80 -i
6 0 -
40 -
DOG
20 -
140120100806020 40
SPLINT PRESSURE 
(mm Hg)
Figure 2.3. Increase in femoral vein pressure in the dog 
as a function of externally applied pressure.
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2.2.4. EFFECT ON ARTERIAL FLOW AND VASCULAR CONDUCTANCE 
OF INTERMITTENT PRESSURE
In the second series of four dogs, the ileo femoral arteries of 
both hind limbs were exposed and all tributaries ligated and divided.
On the right leg, one tributary was preserved and cannulated for pres­
sure measurement using a Portex 12" (red) intravascular catheter. Flows 
were measured in,the exposed ileo femoral arteries. Simultaneous 
recordings of flows, pressure and vascular conductance were made on the 
u.v. recorder, from which the mean values were subsequently obtained by 
planimetry.
Increments of pressure varying from 5 to 80 mm Hg were applied with 
the inflatable splint. Each pressure was maintained for 3 minutes and 
was followed by a 3-minute recovery period.
2.2.5. RESULTS
In Table 2.4 the readings of femoral artery flow in the control limb
(Q ) are tabulated against those in the experimental (compressed) limb
(<5 ) for increments of splint pressure (P ) from 5 - 80 mm Hg. Also
e s
given are the readings of vascular conductance (G^) in the compressed 
limb. No readings of vascular conductance were possible in one experi­
ment because the instrument was not functioning satisfactorily.
The results from Table 2.4 are summarised in Tables 2.5 and 2.6.
In Table 2.5 changes in flow in the control limb AQ^ and changes in flow
in the compressed limb A$e are tabulated against values of splint pres­
sure. In Table 2.6 changes in peripheral vascular conductance AG^ are 
tabulated against values of splint pressure.
163
TABLE 2.4a (DOG. 1)
Splint 
pressure Pg
ram Hg 
O 
5 
O 
10 
0 
15 
0 
20 
0 
30 
0 
40 
0 
60 
0 
80
TABLE 2.4b (DOG 2)
Splint 
pressure Pg
mm Hg 
0 
5 
0 
10 
0 
15 
0 
20 
0 
30 
0 
40 
0 
60 
0 
80
ml/min
140
164
132
148
120
140
112
160
104
140
124
128
128
68
108
80
c
ml/min
176
175
157
131
124
113 
108
114 
107 
110 
151 
121 
112 
130
107
108
ml/min
116
136
118
140
108
114
120
108
106*
96
106
88
96
52
84
36
e
ml/min
134
149
127
131
120
116
107
111
102
98 
120
96
111
79
99 
54
v.c.u.
0.76
0.92
0.78
0.93
0.70
0.75
0.79
0.71
0.70
0.66
0.70
0.57
0.65
0.30
0.56
0.18
v
v.c.u.
0.85
0.89
0.86
0.83
0.80
0.79
0.77
0.73
0.73
0.65
0.79
0.63
0.73
0.50
0.71
0.32
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TABLE 2.4c (DOG 3)
Splint 
pressure Pg
mm Hg 
0 
5 
0 
10 
0 
15 
0 
20 
0 
30 
0 
40 
0 
60 
0 
80
TABLE 2.4d (DOG 4)
Splint 
pressure P
s
mm Hg 
0 
5 
0 
10 
0 
15 
0 
20 
0 
30 
0
, 40
0 
60 
0 
80
c
ml/min
76
76
72
72
72
72
72
72
72
72
72
76
72
72
76
76
c
ml/min
280
272
280
304
264
248
272
280
268
232
238
272
160
224
200
224
e
ml/min
82
86
80
72
82
64
78
52
84
48
100
48
110
28
110
40
e
ml/min 
232 
228 
260 
224 
234 
184 
196 
120 
208 
122 
208 
82 
180 
76 
156 
1 8
v
v.c.u.
0.58
0.61
0.56
0.50
0.58
0.42
0.55
0.34
0.60
0.30
0.62
0.32
0.78
0.12
0.70
0.14
v
v.c.u.
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TABLE 2.5
Dog 1 2 3 4
Splint 
pressure Pg AQC . % AQC AQe AQC AQe AQC
AQe
mm Hg % % % % % % % %
5 +17.1 +20.7 -0.5 +11.2 0.0 +4.9 -2.9 -1.7
10 +12.1 +18.7 -16.3 +2.8 0.0 -10.0 +8.6 -13.8
15 +16.7 +5.5 -9.2 -3.0 0.0 -21.9 -6.1 -21.4
20 +42.8 -10.0 +5.2 +3.7 0.0 -46.2 +2.9 -38.8
30 +34.6 -9.4 +3.0 -4.8 0.0 -42.9 -13.4 -41.3
40 +3.2 -16.7 -19.8 -20.0 +5.5 -52.0 +14.3 -60.5
60 -46.9 -45.8 +16.5 -28.9 0.0 -74.5 +40.0 -57.8
80 -25.9 -57.1 +1.1 -44.9 0.0 -63.6 +12.0 -95.0
ABLE 2.6
Dog 1 2 3
Splint 
pressure Pg
AG %
V
AGv% AG %V
' mm Hg
5 +21.0 +5.4 +4.4
10 +19.2 -2.9 -10.7
15 +7.1 -1.0 -27.6
20 -10.0 -4.4 -38.2
30 -5.7 -10.7 -50.0
40 -18.6 -20.2 -48.3
60 -53.9 -31.9 -84.6
80 -67.9 -55.0 -80.0
Figure 2.4 shows the results plotted from Table 2.5. Sustained
change in femoral artery flow is shown as a function of splint pressure, 
the points representing the mean values at each pressure. The flow in 
the control limb shows a small but haphazard rise and is probably not 
significant. A straight line regression for the points yields the 
equation:
AQ = 3.56 - 1.875 x lcf2P e s
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In the experimental limb, however, an increase of about 9% is produced 
at a splint pressure of 5 mm Hg. Thereafter there is a progressive 
reduction in flow as the splint pressure increases. These results follow 
very closely those shown in Figure 2.2.
Figure 2.5 shows the results plotted from Table 2.6. The points 
represent the mean values obtained for each increment of pressure. As 
would be expected, the curve follows virtually the same path as that for 
the experimental limb in Figure 2.4.
2.2.6. EFFECT ON FLOW OF SUSTAINED APPLICATION OF PRESSURE
The results of the experiments in the previous two sections suggested 
that the application of an external pressure between 5 and 10 mm Hg may 
be beneficial in promoting venous return from the leg. The experiments 
were, however, of a fairly short duration. It was therefore considered 
worthwhile to assess the effects over a longer period.
In this final series of one dog, both ileo femoral veins and 
arteries were exposed for flow measurements as detailed previously 
(Section 2.2.2.).
The experiment was run in the following sequence:- -
(i) with the flow probes on both femoral veins, a pressure of 5 mm Hg 
was applied to the right leg for a period of 30 minutes;
(ii) the pressure was then released and a 30-minute rest period
allowed;
(iii) with the flow probes still on the femoral veins, a pressure of 
10 mm Hg was applied to the right leg, again for a period of 30 minutes ;
(iv) the pressure was then released and a 30-minute rest period 
allowed;
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(v) the flow probes were then replaced on the femoral arteries, 
and a pressure of 10 mm Hg applied to the right leg.
2.2.7. RESULTS
The results of these three tests are summarised in Table 2.7.
Readings of flow, taken from the ultra-violet recorder traces at intervals, 
are tabulated against the time of pressure application. Shown, are 
values of flow in the control limb (C^), and in the compressed limb (Qe). 
Changes in the flows (AQc and-AQ^) relative to the flow before applica­
tion of the pressure are also given. Finally, the net change (AQne )^ 
referred to the control limb is given.
Figure 2.6 shows the results plotted from Table 2.7. Net change in 
flow referred to the control limb is plotted against duration of pressure 
application.
TABLE 2.7a (Vein flows, 5 mm Hg pressure)
Duration of . .
pressure Qc Qe
application
AQ AQ, AQnet
(min) ml/min ml/min % % %
0 200 224 - -
-
5 184 228 -8.0 +1.8 +9.8
10 184 256 -8.0 +14.3 +22.3
15 184 256 -8.0 +14.3 +22.3
20 176 240 -12.0 +7.1 +19.1
25 176 240 -12.0 +7.1 +19.1
30 184 240 -8.0 +7.1 +15.1
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TABLE 2.7b (Vein flows, 10 
Duration of .
mm Hg pressure)
pressure 9C AQC AQe ^net
application
(min) ml/min ml/min % - %
%
0 168 208
- —
5 188 224 0 +7.7 +7.7
10 160 216 -4.8 +3.8 +8.6
15 152 212 -9.5 +1.9
+11.4
20 160 216 -4.8 +3.8 +8.6
25 160 220 • -4.8 +5.8 +10.6
30 160 224 -4.8 +7.7 +12.5
TABLE 2.7c (Artery flows,
Duration of 
pressure Q
10 mm Hg pressure)
AQe AL t
application
(min) ml/min ml/min % % %
0 100 120 - -
-
5 98 120 -2.0 0
+2.0
10 98 120 -2.0 0 +2.0
15 96 120 -4.0 0
+4.0
20 92 112 -8.0 —6.6 +1.4
25 92 116 -8.0 -3.3
+4.7
30 94 116 -6.0 -3.3 +2.7
The three curves indicate that in the case of 5 mm Hg applied pres­
sure, the initial increase is large, but that the effect gradually wears 
off. At 10 mm Hg, the effect is greater on the venous side than on the 
arterial side, both increasing slightly as the pressure is sustained.
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At lO-'jnm Hg splint pressure the equation for the regression line for
the venous flow change is:-
AQ = 7.18 + 0.155 T
net
where T is the time of pressure application in minutes.
For the arterial change the equation is:- 
= 1.9 + 0.0503 T
Figure 2.6. Changes in femoral artery and vein flow in the 
dog during sustained application of external 
pressure of 5 and 10 mm Hg.
2.3.1. PATIENT INVESTIGATION
Nine patients undergoing surgery for bilateral varicose veins were 
asked for their co-operation and the object of the investigation was 
fully explained to them. The procedure was comparable to the animal 
experiments but certain modifications were made to avoid prolonging the 
operative time and to avoid any undue interference with the femoral vein.
CHANGE IN 
FLOW (%) 
25 n
20
O  ■ 5 mm Hg
Ivein)
t -
10 mm Hg •  
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5
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(vt«ry)
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Each period of compression and each period of rest lasted only until 
a steady state had been achieved and maintained for one minute. This 
usually meant that each period lasted only 2 minutes instead of 5 min­
utes for the animal experiments. In two patients, however, (FO and BE) 
the compression was sustained for 4-minute periods in order to confirm 
that the increased flow was maintained. Pressures were not measured in 
the femoral vein as to do so would have added unjustifiably to the opera 
tive procedure. Splint pressures were also restricted to the range 
5 - 40 mm Hg.
After induction of general anaesthesia the patient was allowed to 
respire spontaneously since venous flows can be grossly affected with 
controlled ventilation (Hyde and Bethal, 1968). The patient was placed 
supine on a horizontal table. Both sapheno-femoral junctions were 
exposed and flow probes fitted to the femoral vein proximal to the 
sapheno-femoral junction. As these probes lay very close to the termi­
nation of the long saphenous vein, this was occluded during the flow 
recording to ensure axisymmetric flow through the probe.
The left lower limb was used as a control. The right lower limb 
was placed in an inflatable splint (either a below knee splint or a 
full length leg and thigh splint). Flows were measured in the femoral 
vein with varying splint pressures. No control was possible in one 
patient (PI) as he was only undergoing unilateral surgery and in a 
second patient (CR) due to probe failure.
2.3.2. RESULTS OF PATIENT INVESTIGATION
The patients investigated yielded results comparable with those 
obtained in the animal experiments. In three patients, investigations
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were performed using both a below-knee splint and a full length leg and 
thigh splint. In three further patients only the below-knee splint was 
used; in the final three patients only the full length splint was used. 
This provided 6 sets of data for each type of splint.
Table 2.8 shows the effects of compression on femoral vein flow 
using the below-knee splint. Table 2.9 shows the effects of compression 
using the full length splint. In both tables data are tabulated for 
splint pressures from 5 - 40 mm Hg.
TABLE 2.8a Control limb flows - below-knee splint
Patient PI WA F0 CR ST BR
Splint pressure Pg Control limb flow
(mm Hg) (ml/min)
0 - 164 - 340 480 90
5 - 172 - 340 492 90
0 - 164 258 344 444 74
10 - 172 252 344 444 84
0 - 164 - 324 420 84
15 — 176 - 324 444 86
0 - 164 - 296 396 80
20 - 172 - 300 444 90
0 - 168 228 268 420 90
30 - 174 249 292 456 92
0 - 164 246 260 402 80
40 - 168 258 276 480 84
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TABLE 2.8b Experimental limb flows - below-knee splint
Patient PI WA FO CR ST BR
Splint pressure P|
5
Experimental limb flow
(mm Hg) (ml/min)
0 - 196 - 284 324 98
5 - 216 - 284 328 92
0 349 200 294 284 300 100
10 360 208 308 274 280 98
0 356 194 - 262 296 104
15 367 212 - 238 268 86
0 358 204 264 268 98
20 328 202 - 214 232 76
0 - 212 302 260 280 106
30 — 200 • 262 176 210 66
0 367 208 297 260 264 88
40 285 180 240 164 188 52
TABLE 2.8c Effects of below-knee splint on femoral vein flow
Splint pressure (mm Hg) 5 10 15 20 30 40
Patient
AQc% — "
PI AQe% - 3.1 2.9 -8.4 — -22.3
Net% - 3.1 2.9 -8.4 ■ - -22.3
AQC* 4.9 4.9 7.3 4.9
3.6 2.4
WA AQe% 10.2 4.0 9.3 -1.0 -11.3 -26.9
Net% 5.3 -0.9 2.0 -5.9 -14.9 -29.3
Q . 34.0 48.8 46.2 50.9 59.2 68.2ej
AQC% - -2.3
— - 9.2 4.6
FO AQe% - 4.8 - - -13.3 -19.2
Net% - 7.1 - - -22.5 -23.8
AQ % 0.0 0.0 0.0 1.3 8.9 4.6
.c
CR AQe% 0.0 -3.5 -9.2 -18.9 -32.3 -36.9
Net% 0.0 -3.5 -9.2 -20.2 -41.2 -45.1
Q . 15.1 38.2 74.9 80.7 95.7 100.3
ej
AQg% 2.5 0.0 5.7 12.1 8.6 19.4
ST AQe% 1.2 -6.7 -9.5 -13.4 -25.0 -28.8
Net% -1.3 -6.7 -15.2 -25.5 -33 i 6 -48.2
Q . 15.7 50.0 77.2 80.3 83.9 90.6ej
AQ % 0.0 13.5 2.4 12.5 2.2 5.0
.c
BR AQe% -6.1 -2.0 -17.3 -12.3 -37.7 -40.9
Net% -6.1 -15.5 -19.7 -24.8 -39.9 -45.9
Q • 51.6 85.4 72.5 87.9 78.7 88.2ej
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TABLE 2.9a Control limb flows - full length splint
Patient BE OC CR WA ST HA
Splint pressure Ps Control limb flow Qc
(mm Hg) (ml/min) -
0 156 104 — 164 163 222
5 150 138 - 164 172 240
0 143 123 - 164 127 228
10 139 134 - 168 152 252
0 - 116 - 164 140 234
15 • — 140 - 164 161 192
0 128 . 121 - 160 144 234
20 124 146 - 172 157 252
0 114 115 - 168 138 240
30 120 143 - 164 170 276
0 108 137 - 160 146 237
40 106 154 - 166 174 258
TABLE 2.9b Experimental limb flows - full length splint
Patient BE OC CR WA ST HA
Splint pressure Pg Experimental limb flow
(mm Hg) (ml/min)
0 192 136 232 200 246 268
5 192 182 252 228 258 276
0 192 158 236 208 234 274
10 265 195 232 228 234 260
0 - 147 - 200 246 268
15 - 169 - 210 228 236
0 174 131 - 196 255 268
20 180 165 - 196 222 212
0 168 124 224 204 228 276
30 174 148 160 168 201 200
0 180 120 - 184 240 272
40 180 137 - 144 168" 160
174
TABLE 2.9c Effects of full length splint on femoral vein flow 
Splint pressure (mm Hg) 5 10 15 20 30
Patient
AQC% -3.8 -2.8
- -3.1 5.2 1.8
BE AQe% 0.0 38.0 - 3.0 3.6
0.0
Net% 3.8 40.8 6.1 1.6 1.8
AQC% 32.7 8.9 20.7 20.7
24.0 12.4
OC AQe% 33.8 23.4 15.0 25.9 19.3 14.2
Net% 1.1 14.5 -5.7 5.2 -5.1 1.8
Qei
22.8 . 55.1 73.1 104.2 121.3 122.9
AQC% -
- - - - —
CR 8.6 -1.7 - - -28.6
Net% 8.6 -1.7 - — -28.6
AQC% 0.0 2.4 0.0 7.5
= -2.4 3.7
WA ' AQ^: 14.0 9.6 5.0 0.0 -17.6 -21.8
Net% 14.0 7.2 5.0 -7.5 -15.2 -25.5
Qej
34.0 41.8 64.5 69.3 87.9 100.8
- AQc% 8.1 10.5 17.9 7.7 15.0 8.9
ST AQe% 3.0 -5.1 -11.9 -20.9 -27.5 -41.1
Net% -5.1 -15.6 i to VO 0
0 -28.6 -42.5 -50.0
Qej
35.0 72.9 76.7 94.5 110.1 123.7
AQc% 5.5 19.7 15.0 9.0 23.2 19.2
MA AQe% 4.9 0.0 -7.3 -12.9 -11.8 -30.0
Net% -0.6 -19.7 -22.3 -21.9 -35.0 -49.2
«.i
30.7 44.1 48.9 51.2 75.2 72.1
Figures 2.7 and 2.8 show the results plotted from these tables 
respectively. The points are the mean values taken only from the patients 
from whom complete sets of data were obtained. The remaining patients 
(PI and FO in Table 2.8 and BE and CR in Table 2.9) although excluded 
because of incomplete data, showed a similar trend.
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Figure 2.7 Changes in human femoral vein blood flow produced
by varying splint pressures for the below-knee splint.
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Figure 2.8 Changes in human femoral vein blood flow produced
by varying splint pressures for the full length splint.
Figure 2.7 shows the results obtained using the below-knee splint. 
The two curves indicate the flow changes AQ^ and AQ^ in the experimental 
and control limbs respectively as a function of splint pressure. Figure
2.8 shows the results obtained using the full length splint. Also tabu­
lated in Tables 2.8 and 2.9 are the volumes of blood ejected from the
veins (Q .) at each increment of pressure. The value is calculated from 
eJ
the flow curves by partially integrating the flow/time curve, from the 
time of pressure application tito the time the steady state is reached tg 
(as shown in Figure 2.9A). The shaded area is the total volume of blood 
ejected from the veins at each increment of pressure and gives an indica­
tion of the extent to which the venous system has collapsed. The curves 
obtained from this analysis are shown in Figure 2.93. Each point 
represents the mean value of four readings. The curves indicate that 
the ejected volume is substantially the same for both the below-knee and 
full length splints up to a pressure of about 15 mm Hg, thereafter the 
two curves diverge, the larger splint causing the larger volumetric 
ejection.
2.4.1. LEG BANDAGING INVESTIGATION
In order to be able to correlate the effects of external pressure on 
femoral vein flow with standard hospital routines, a group of 22 nurses 
were asked to bandage the leg, below the knee, with a crepe and with a 
Bisgaard bandage. They were not informed of the purpose of the investi­
gation. The external pressure applied to the leg by these procedures 
was measured by strapping a small incompressible plastic bag, containing 
a very small quantity of water, to the subject's leg. The dimensions of 
the bag were 0.175 m x 0.016 m x 0.0011 m, giving a thickness to width 
ratio of 1:14.4. The pressure in the bag was transmitted by a manometer
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Figure 2-9 Volume of blood ejected from the leg veins by 
the application of external pressure.
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line to a Bell and Howell L122 transducer and traced on a Devices 
recorder. Pressure measurements were made before and after bandaging 
had been completed with the leg placed horizontally at rest in a 
reference position.
2.4.2. VERIFICATION OF BANDAGING PRESSURE RECORDING TECHNIQUE
The assumption that the pressure recorded in the bandaging experi­
ments was, in fact, a true reflection of the applied pressure was veri­
fied. The small incompressible bag was strapped to the medial aspect of 
the lower calf and the limb placed in an inflatable splint. Increments 
of pressure were then applied to the limb by inflating the splint, and 
the compression pressure transmitted to the bag was recorded. The 
results, plotted in Figure 2.10, show that for splint pressures below 
40 mm Hg the two systems agree within 5%. At splint pressures greater 
than 40 mm Hg, the compression pressure indicating system shows a slight 
fall off, caused by leakage of fluid from the system.
2.4.3. RESULTS OF THE BANDAGING EXPERIMENT
Bandaging pressures produced by crepe bandages varied from 4 mm Hg 
to 27 mm Hg with a mean of 13 mm Hg. Compression pressures produced by 
the Bisgaard bandage varied from 5 to 40 mm Hg with a mean of 23.8 mm Hg.
Figure 2.11 shows a histogram summarising these results. The ban­
daging pressure is indicated in increments of 6 mm Hg. 11 out of 22 
nurses produced compression pressures between 6 and 12 mm Hg with the 
crepe bandage. Using the Bisgaard bandage, a far wider range of pressures 
resulted.
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Figure 2.11 Histograms showing the compression pressures achieved
by a group of 22 nurses using crepe and Bisgaard bandages.
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2.5.1. DISCUSSION
In an attempt to control blood volume flow rate in the femoral 
vein, the effects of external compression on the lower limb have been 
investigated.
The anatomy of the dog hind limb differs in two important respects 
from that of the human. First, the ratio of the thigh muscle mass to 
calf muscle mass is much greater in the dog than in the human. Secondly, 
the distinction between the superficial and deep venous system is well 
defined in man, while in the dog it is not. Despite these anatomical 
differences, however, the results obtained from the animal experiments 
compare very well with those obtained from the patient investigations.
The results obtained all indicate that at low external pressures 
(below about 10 mm Hg) blood flow to the leg is increased. Thereafter, 
as the external pressure is increased, the flow is progressively reduced. 
The results show furthermore, that this increase is not transient, but 
can be maintained for a considerable period. The exact mechanism of 
this flow stimulation is difficult to determine, but it seems to be a 
combination of two effects. First, a central vaso-motor reflex which 
would account for changes in the control limb flows. Secondly, a local 
vaso-motor effect connected with the changes in the trans-mural pressure 
of the vascular system, produced by the application of external pressure. 
The results from the animal experiments, though few in number, indicate 
that the flow will be increased if the applied pressure is less than the 
resting venous pressure, and decreased if it is greater. The fact that 
both the arterial and venous flows are increased by the application of 
low external pressures would seem to counter the argument advanced by 
Chant (1970), that the promotion of venous flow is due solely to the
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expulsion of tissue fluid into the venous system. The fact that the 
increase in venous flow is maintained over a long period is a further 
point against this theory. It seems most probable, and Figure 2.6 
would appear to confirm this, that the effect on flow is a combination 
of tissue fluid expulsion and vaso-motor changes. The information con­
tained in Figure 2.6 is, however, insufficient to state this categorically 
and more work must be done if this point is to be clarified.
In the patient study, the increases in flow, at low external pres­
sures, are much greater with the full length splint than with the below- 
knee splint. This lends credence to the hypothesis of a local vaso-motor 
effect. The increase of flow in the calf region, produced by the below- 
knee splint, may have been of the order of 10%, but with no increase in 
the thigh region being produced, the net increase of flow in the whole 
leg, as measured at the groin, will naturally be much less than that. It 
is further of interest to note that the subsequent percentage fall from 
the point of maximal increase is virtually the same for both types of 
splint. This suggests that the flow reduction is controlled at the peri­
phery (i.e. below the knee).
The ability to increase flow (as distinct from velocity) in a limb 
by the application of external pressure was first reported by Hyman,
Bumap and Figar (1963), who were studying the accuracy of plethysmography 
as a technique of blood flow measurement. They found that when external 
pressures up to 10 mm Hg were applied to the forearm, the blood flow 
(as measured by capacitance plethysmography) was increased by approxi­
mately 20%. Their finding appears, however, to be incidental to their 
investigation and no attention is drawn to it. Earlier work by Halperin, 
Friedland and Wilkins (1948), on the effects of external pressure on 
forearm blood flow, while demonstrating a progressive fall with increasing
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pressure failed to demonstrate any increase at low pressures. This 
failure probably arose from the inherent inaccuracies of the 
pie thy smo graph i c technique. A more recent investigation by Ardill 
and Fentem (1966) also failed to demonstrate any increase for the same
reason.
It has been stated by Wilkins, Mixter, Stanton and Litter (1952) 
that the application of external pressure between 10 and 15 mm Hg 
markedly reduces the volume of the lower limb. On exactly what evidence 
this statement is based is not clear, but phlebography is indicated.
The authors state that the application of 15 mm Hg reduces the venous 
volume of the leg from 3.0 to 0.6 mm/100 ml of leg (in the supine sub­
ject) . If we consider the volume of the leg covered by the below-knee 
splint to be approximately 3 x lo"3m3 (mean value of six legs found in 
the laboratory), then the volume of venous blood ejected would be approxi­
mately 72 ml. This figure compares very favourably with that derived 
from the flow curve integration shown in Figure 2.9 (the difference being 
approximately 10%). The curves in Figure 2.9 further indicate that at 
40 mm Hg the venous system below the knee is almost completely collapsed, 
which may support the findings of Ashton (1966). The fact that the two 
~curves are coincident at low pressures, regardless of the length of the 
splint is also of interest. It suggests that at low pressures the 
effect is confined to the calf region alone, the blood from the super­
ficial system being diverted into the deep system as suggested by Cotton
and Clark (1965).
The frequent use of compression bandaging in the treatment and 
prophylasix of deep vein thrombosis prompted the investigation into the 
variation in pressure achieved by this technique. The results produced 
with the crepe bandage (Figure 2.11) were very uniform, producing a skew
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normal distribution with a mean pressure of 13 mm Hg. It would appear 
from the histogram that the crepe bandage usually produces a compression 
pressure which is optimal for flow stimulation in the supine patient.
The results obtained with the heavy web Bisgaard bandage, however, reveal 
its obvious danger. Compression pressures achieved with elastic stock­
ings appear to be very variable. Beck and Mandeville (1968), reporting 
on four different types of below-knee elastic stockings, show compression 
pressures which vary between 32 and 54 mm Hg. On the other hand Makin,
Hayes and Holroyd (1969) reported that Tubigrip elastic stockings produce 
a mean compression pressure of 13 mm Hg which is ideal.
2.5.2. CONCLUSIONS
It has been shown that the application of external pressure can 
increase the blood volume flow rate in the leg. It has further been 
shown that this increase can be maintained. Of the techniques available 
for producing this external pressure, the application of crepe bandages 
would appear to be the obvious choice for conscious patients, though 
during operation inflatable splints would provide better control. The 
results indicate that the bandaging should not stop at the knee, but 
should encompass the entire limb in order to prevent stasis in the ileo- 
femoral segment.
The flow increases produced are, however, small and this, together 
with the degree of control necessary, may account for the inability of 
many workers to prove the efficacy of limb bandaging as a prophylactic 
technique (Wilkins et al, 1952j Flanc, Kakkar and Clark, 1969; Makin,
1969; Rosengarten, Laird, Jeyasingh and Martin, 1970).
It seems likely that the benefit, if any, obtained by applying external
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pressure to the lower limb arises, not from any.overall change in the 
flow, but from the way in which the flow is re-distributed between 
the superficial and deep venous system. This, together with the volume 
of blood that is squeezed from the veins when pressure is applied, 
suggests that it may well be worthwhile studying the effects of pulsating
pressures.
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CHAPTER 3 
EFFECTS OF PASSIVE FLEXION
3.1.1. INTRODUCTION
In attempts to prevent venous stagnation in the lower leg the
effects of active exercise, or in the case of unconscious patients
electrical stimulation, have been reported by several workers. In
24
1951, Wright, Osborn and Edmonds demonstrated, using NaCl, that the 
foot-to-groin transit times, in patients who were ambulant post- 
operatively, were considerably less than in those patients who were 
confined to bed. Subsequent work by Wright and Osborn (1952) revealed, 
again using 2^NaCl, that the foot-to-groin velocity was doubled after 
two minutes active flexion of the foot. In 1959, Cotton, Fowler and 
Miles investigated the effects of exercise in patients suffering from 
primary varicose veins. They demonstrated, using an injection of naCl, 
that the velocity of venous return from the foot is quadrupled when 
exercising in the standing position, while in normals it is only doubled. 
They also showed that the velocity of return in varicose vein patients 
was considerably less than in normal subjects.
In 1964, Doran, Drury and Sivyer reported the results of an investi­
gation into the effects of electrically stimulating the calves of 
unconscious patients. They showed, using NaCl, that immediately follow 
ing the induction of anaesthesia the foot-to-groin transit time was 
approximately 16.1 sec (40 patients) . The same limb was then stimulated 
electrically throughout the operation and the mean transit time in this 
leg, post—operatively, found to be 18.2 sec (30 patients). At the same 
time, the transit time in the unstimulated leg was found to be 33 sec.
The paper is unsatisfactory for two reasons. First, different patients
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have been used in each series, making comparison of the different series 
difficult. Secondly, no proper control was made to see the effect, on 
one leg, of electrically stimulating the other - it could be that diver­
sion of flow has occurred to the stimulated leg. This paper was followed 
subsequently by a clinical trial on the efficacy of electrical stimulation 
as a prophylactic against deep vein thrombosis (Doran and White, 1967). 
They showed, on clinical evidence, that the incidence of deep vein throm­
bosis is reduced in legs stimulated electrically during operation. Their 
work is, however, open to doubt for the same reason that their original 
paper was questioned. That is, that the effect on the flow in the con­
trol leg is unknown. More recent work (Browse and Negus, 1970; De Jode,
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Khurshid and Walther, 1970), using the more sensitive I -fibrinogen 
technique has failed to prove conclusively the efficacy of electrical 
stimulation. If it is assumed that flow is the important mediating factor 
then this result may have been foreseen by Cotton and Clark (1965) who, 
on radiograph!cal evidence, demonstrated that electrical stimulation of 
the calf muscles has little effect on the speed of venous return unless 
the superficial veins are compressed by the application of external 
pressure — in this case by means of a crepe bandage.
Critical assessment of the effects, on vessel blood flow, of 
electrical stimulation of the calf is difficult for several reasons. 
Precise control of the site and intensity of the stimulus, and thus the 
muscle contraction, is very difficult. Furthermore, the measurement of 
flow changes are difficult to make. For example, with an electromagnetic 
flowmeter, gross electrical interference from the stimulating signal 
prevents measurements from being made during the stimulation. With a 
thermal dilution flowmeter, collapse of the veins around the probe due 
to muscular compression makes flow measurements almost impossible and may
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explain why Clark and Cotton (1968) failed to produce consistent results.
It was decided, therefore, to investigate the effects, on femoral 
vein blood flow, of regular passive flexion of the foot. Although pas­
sive flexion is probably less efficient than electrical stimulation, in 
producing compression of the calf veins, it has two advantages. First, 
the flexion can be precisely controlled in terms of frequency and ampli 
tude. Secondly, passive flexion will not produce electrical interference, 
thus making electromagnetic flow measurements possible. Finally, it will 
not produce any erythema, which is a known hazard of electrical stimula 
tion.
The oscillomotor used to produce this regular passive flexion is 
shown in Figure 3.1. It is intended for use on supine subjects and may 
be clamped to an operating table or bed as required. It consists essen­
tially of a foot board pivoted at the region of the ankle. The feet are 
held in contact with the board by means of shoe straps. The oscillation 
of the board is produced by an electrically driven eccentric cam. The 
speed of the motor, as well as the stroke and eccentricity of the cam 
are all variable. Attached to the pivot of the foot board via a rubber 
fV l belt is a displacement transducer which enables a record of the foot 
position to be traced alongside the flow waveform. The uransducer is in 
fact a variable resistor which forms one arm of a Wheatstone bridge cir­
cuit.
The investigation was carried out on eighteen subjects, twelve of 
whom were patients undergoing surgery for bilateral varicose veins. The 
patients were all asked for their informed consent, the purpose and nature 
of the investigation having been fully explained to them.
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The investigation was conducted in order
(i) to assess the effects of passive flexion on femoral vein flow, 
using flexion of fixed amplitude at various frequencies ;
(ii) to estimate the power required to flex the foot, at fixed 
amplitude and various frequencies;
(iii) to determine the effects, on flow, of sustained flexion at
fixed amplitude and frequency;
(iv) to discover the effects on flow, of varying degrees of flexion
at a fixed frequency.
Figure 3.1. Passive flexion oscillomotor.
3.2.1. EFFECTS OF PASSIVE FLEXION - fixed amplitude, varying frequency
In this part of the investigation, six patients undergoing surgery 
for bilateral varicose veins were studied. After induction of general
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anaesthesia each patient was allowed to respire spontaneously (see 
Section 2.3.1.). The patient was placed supine on a horizontal table 
with one or both feet in the oscillomotor (see below). Slight downward 
adjustment of the end of the table was necessary to maintain the leg 
straight and avoid any tendency to hyperextend the knee. Both sapheno- 
femoral vein junctions were exposed together with the left femoral 
artery. The vessels were cleared ready for the application of electro­
magnetic flow probes and the long saphenous vein ligated.
The investigation was carried out in two parts
(a) flows were measured (using the Nycotron electromagnetic flow­
meter) in the femoral artery and vein of the left leg, both feet being 
flexed;
(b) flows were measured in both femoral veins, while one foot only 
was subjected to flexion.
In all cases a 2-minute rest period, with the foot extended, was 
followed by a 2-minute period of controlled flexion. Five specific 
frequencies (as indicated by the motor control unit) were used, varying 
from 0.85 to 0.37 Hz. Thus the total time for a complete run was 20 
minutes.
Both parts of the investigation were performed on four patients 
and only one part on the remaining two. This yielded five sets of data 
for each part.
The resulting flow waveforms, together with the movement of the 
foot was traced by an ultra-violet recorder. Mean flows were obtained 
from the traces by planimetry. The controlled angulation of .the foot is 
shown in Figure 3.2. For this series of experiments $ was fixed at 80°
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Figure 3.2. Diagram illustrating the angulation indices 
$ and 0.
while 0 was fixed at 20°. Thus the foot was effectively flexed ±10° 
about a vertical position at various frequencies depending on the 
speed setting. The speed control used was a simple model train control­
ler driving a low voltage d.c. motor. The motor used had a permanent 
magnet field and was of unspecified Japanese origin.
2 2.2. RESULTS OF FOOT FLEXION ON FEMORAL VEIN AND ARTERY FLOWS
The purpose of this series was to determine the effects of flow 
into and out of one leg while both legs were being flexed. The results 
obtained are shown in Table 3.1. For each patient, the period of oscilla 
tion of the foot (T) is tabulated against each motor setting (1-5).
/Note: the period of oscillation is the reciprocal of the frequency of
flexion/ Also given are the mean femoral artery flow rate (Qa) and the
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mean femoral vein flow rate (Qv)• addition the maximum (Qv> 
y
minimum (Q ) femoral vein flowrates are given.
TABLE 3.1 Both legs moved 
Subject
— — V A
Setting T Qa % % Qv
sec ml/min
0 216 216 160 298
1 2.70 240 224 48 416
0 156 200 160 280
2 2.18 186 200 72 384
0 174 220 160 296
3 1.80 204 228 56 440
0 180 208 160 288
4 1.55 234 256 96 448
0 180 224 160 304
5 1.38 216 264 80 512
0 126 120 112 128
1 2.42 132 140 124 160
0 109 114 104 120
2 2.20 123 124 100 144
0 109 96 84 108
3 1.77 120 128 112 148
0 111 116 108 120
4 1.58 132 152 136 168
0 111 122 112 132
5 1.30 138 152 140 180
0 160 134 108 148
1 2.56 160 152 72 280
0 144 128 104 136
2 2.19 164 140 64 264
0 140 120 96 128
3 1.78 160 156 88 264
0 148 144 128 152
4 1.56 152 148 80 248
0 136 136 120 152
5 1.34 160 168 112 256
and
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TABLE 3.1. continued
— — V A
Subject Setting T Qa %  Qv
sec ml/min
0 81 96 80 108
1 2.19 88 100 60 144
0 84 88 76 104
2 2.05 104 100 60 148
0 80 81 72 100
3 1.67 92 98 52 152
0 80 76 60 96
4 1.39 90 74 16 168
0 70 60 44 80
5 1.22 , 80 56 24 132
0 84 74 52 100
1 2.60 96 94 30 180
0 84 74 48 108
2 2.13 96 102 20
200
0 84 74 56 100
3 1.75 102 100 24 192
0 84 76 60 104
4 1.49 102 90 28 180
0 78 54 36 80
5 1.29 102 90 32
180
In Table 3.2 the net changes, derived from the figures in Table 3.1
are shown. For each patient sustained change in mean arterial flowrate
(AQ ) and sustained change in mean vein flowrate (AQV) are tabulated
against the period of oscillation (T). Also given is the change in peak
vein flowrate (AQ ). Finally the change in the venous flow amplitude 
v , a  Y
(AAmp) is given, the venous flow amplitude being (Qv
The results from Table 3.2 are plotted in Figures 3.3 to 3.6. Each 
point represents the mean value taken from the five patients. The hori­
zontal and vertical lines indicate ±1 Standard Deviation about this mean
194
TABLE 3.2 Flow changes - both legs moved
Subject T A A 4 A Amp
sec % % % %
2.70 ii.i 3.7 40.3 167
2.18 19.2 0.0 37.2 160
1 1.80 17.2 3.6 48.7 182
1.55 30.0 23.1 48.6 175
1.38 20.0 17.8 68.4 200
2.42 16.7 4.8 25.0 157
2.20 8.8 12.8 20.0 175
2 1.77 33.4 10.1 37.0 64
1.58 31.0 19.8 40.0 167
1.30 25.0 24.3 36.4 100
2.56 0.0 13.4 89.2 380
2.19 13.9 9.4 94.0 525
3 1.78 14.3 30.0 106.0 388
1.56 2.7 2.8 61.8 600
1.34 17.6 23.5 68.5 350
2.19 8.6 4.2 33.3 200
2.05 23.8 13.7 42.3 214
4 1.67 10.0 21.0 52.0 257
1.39 ' 12.5 -2.6 75.0 322
1.22 14.3 -6.7 65.0 200
2.60 14.3 27.0 80.0 212
2.13 14.3 37.8 85.2 200
5 1.75 21.4 35.1 92.0 282
1.49 21.4 18.4 73.0 245
1.29 30.8 66.7 125.0 236
Figure 3.3 shows the change in mean femoral vein flowrate as a functi
of the period of oscillation. Straight line regressional analysis of
these points yields the equation:
AQv = 33.6 - 9.53T................ 3.1
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Figure 3.4 shows the change in mean femoral artery flowrate as 
a function of the period of oscillation. Straight line regressional 
analysis of these points yields the equation:
AQ = 33.9 - 9.05T ............................3.2
a
Figure 3.5 shows the change in peak femoral vein flowrate as a
function of the period of oscillation. Regressional analysis here
yields the equation:
A$ = 105.6 - 24.8T  ...... 3.3
Finally, Figure 3.6 shows the change in venous flow amplitude as 
a function of theperiod of oscillation. Regressional analysis yields 
the equation:
AAmp = 2 70 - 13.04T...... ....................3.4
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Figure 3.3 Change in mean femoral vein flowrate as a
function of the period of oscillation.
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3.4 Change in mean femoral artery flowrate as a 
function of the period of oscillation.
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Figure 3.5 Change in peak femoral vein flowrate as a
function of the period of oscillation of the foot
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Figure 3.6 Change in venous flow amplitude as a function 
of the period of oscillation of the foot.
3.2.3. RESULTS OF FOOT FLEXION ON FEMORAL VEIN FLOWS
The purpose of this series was to determine, with the aid of an 
unflexed control leg, the effects of flexion on femoral vein flowrate.
The results obtained are shown in Table 3.3. For each patient the 
period of oscillation (T) is tabulated against each motor setting (1-5). 
Also given are the mean femoral vein flowrates in the unflexed (control) 
limb (Q ) and in the flexed (experimental) limb (Qve)• In addition, the 
maximum (Qve) and minimum (Qve) femoral vein flowrates in the flexed 
limb are given.
In Table 3.4 the net changes, derived from the figures in Table 3.3, 
are shown. For each patient sustained change in femoral vein flowrate in 
the flexed limb (AQve) and sustained change in the unflexed limb (AQVC) 
are tabulated against the period of oscillation (T) produced at each 
motor setting. Also given is the change in peak venous flowrate in the
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flexed leg (AQ ) and the change in venous amplitude (AAmp) also in 
the flexed leg.
TABLE 3.3 One leg moved.
T  T  ^  £
Subject Setting T Qvc Qve Qve Q
sec ml/mih
0 152 184 176 192
1 2.22 172 184 152 208
0 184 160 152 168
2 2.06 200 180 152 208
0 200 172 168 176
3 1.71 232 ' 176 152 216
0 216 152 144 160
4 1.48 212 186 160 238
0 224 176 164 188
5 1.34 240 212 184 256
0 129 152 148 160
1 2.10 130 164 148 176
0 141 124 120 136
2 1.80 159 168 152 180
0 159 156 124 176
3 1.57 177 200 164 232
0 153 132 124 140
4 1.48 147 168 148 196
0 147 108 104 116
5 1.21 156 176 88 176
0 150 68 60 80
1 1.92 150 88 52 140
0 146 100 80 134
2 1.72 146 90 0 192
0 144 100 60 140
3 1.63 162 138 76 228
0 166 130 100 160
4 1.37 170 152 70 240
0 150 134 68 180
5 1.17 160 160 40 240
199
TABLE 3.3 continued
tting T
sec
L Ô Qve ve 
ml/min
L
0 70 89 32 254
1 2.08 74 124 -24 296
0 81 92 16 240
2 2.02 87 126 -48 312
0 80 89 16 240
3 1.57 81 117 -32 304
0 75 82 12 240
4 1.38 83 122 -32 304
0 85 84 24 240
5 1.20 87 113 -16 312
0 212 90 82 96
1 2.08 196 126 76 196
0 192 92 86 98
2 1.83 192 126 76 200
0 192 98 90 102
3 1.60 192 128 80 212
0 192 94 86 98
4 1.41 196 130 80 212
0 188 94 90 102
5 1.21 196 132 80 220
The results from Table 3.4 are plotted in Figures 3.7 to 3.9. As in 
Section 3.2.2. each point represents the mean value obtained from the 
five patients for each setting of the motor speed. The horizontal and 
vertical bars again represent ±1 S.D. on this mean.
Figure 3.7 shows the changes in mean femoral vein flowrate produced 
in the flexed leg (AQve) and in the unflexed leg (AQvc), as functions 
of the period jof flexion (T) .
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TABLE 3.4 Flow changes - one leg moved
t v £
Subject T AQve AQvc AQye Atop
sec % % % %
2.22 0.0 13.2 8.3 300
2.06 12.5 8.7 23.8 250
1 1.71 2.3 16.0 22.7 700
1.48 22.4 -1.8 48.8 387
1.34 20.4 7.1 20.4 227
2.10 7.8 4.6 10.0 133
1.80 35.5 • 12.9 32.3 75
2 1.57 28.2 11.3 31.8 31
1.48 27.2 -3.9 40.0 200
1.21 62.9 6.1 51.7 1000
1.92 28.4 0.0 75.0 340
1.72 -10.0 0.0 43.3 256
4 1.63 38.0 12.5 62.8 90
1.37 16.9 2.4 50.0 183
1.17 19.4 6.7 33.3 71
2.08 39.4 5.7 16.5 43
2.02 37.0 7.4 30.0 61
5 1.57 29.3 1.2 26.7 50
1.38 48.8 10.7 26.7 48
1.20 34.5 2.4 30.0 44
2.08 40.0 -7.5 104.2 757
1.83 37.0 0.0 104.0 933
6 1.60 30.6 0.0 107.8 1000
1.41 37.3 2.1 116.3 1000
1.21 40.4 4.3 115.8 1067
Straight line regression of the two sets of points produces the equations
AÔ = 43.9 - 10.OT  .........  3.5
• ve
AÔ = 5.2 - 0.2T       3.6
vc
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If we consider the net flow change in the experimental leg referred to 
the control leg (i.e. A§ve - A ^ )  then from Equations 3.1 and 3.2 we
have that;
AQ „ = 38.9 - 9.8Tmet
3.7
Figure 3.8 shows the change produced in the peak femoral vein flow- 
rate as a function of the period of oscillation. Regressional analysis 
of these points yields the equation;-
= 66.4 - 10.4T ........................
A
AQ 3.8ve
Finally, shown in Figure 3.9 is the change in venous flow amplitude
A Y ' '
(defined as Qv - Q^) as a function of the period of oscillation. Regres­
sional analysis here yields the equation;-
AAmp = 618 - 147.5T 3.9
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Figure 3.7 Changes in femoral vein flowrates in flexed (experimental)
and unflexed (control) limbs as functions of period of
oscillation of the foot.
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.8 Change in peak femoral vein flow as a function, 
of the period of oscillation.
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Figure 3.9 Change in the venous flow amplitude as a function 
of the perio^ of oscillation. (Flow amplitude is 
defined as (Qve - Qve)
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3.2.4. POWER CONSUMPTION OF THE OSCILLOMOTOR
In order to obtain an assessment of the efficiency of passive 
flexion as a means of promoting flow in the legs it is necessary to 
obtain a measurement of the power delivered to the legs at each speed 
setting. This is done most simply by running the oscillomotor unloaded 
(i.e. without any feet in it) to obtain the no-load power consumption 
(Wnl), and running it again with feet in place to determine the loaded 
consumption (W^). Subtraction of these two quantities will then give 
the power consumed by the legs at each frequency of oscillation.
The initial fno-load* test was run by inserting a Model 8 Avometer 
in the supply line and feeding the terminal voltage to an ultra-violet 
recorder via a suitable series resistor. (The current consumed by the 
recorder galvanometer (0.5 mA for full scale) is so small that it may 
be ignored for practical purposes.) The oscillomotor speed control was 
varied over a wide range and readings of terminal voltage (V), motor 
current (I) and period of oscillation (T) taken at each setting. The 
results from this experiment are tabulated in Table 3.5. Also shown 
against each setting is the no-load power (W^) calculated from the I.V. 
product. The results from Table 3.5 are plotted in Figure 3.10. Power 
to the oscillomotor is shown as a function of the frequency of oscilla­
tion and regressional analysis of the points yields the equation:-
Wnl = 12/T........     3.10
3.2.5. POWER CONSUMED BY THE LEG
The next stage in the assessment of the efficiency of flexion is to 
determine the power consumed by the oscillomotor when it is loaded with 
two feet. For this investigation six volunteers whose ages ranged from
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TABLE 3.5 Oscillomotor power consumption - no load results
;t ting T I V Wnl
sec amp volt watt
0.3 2.90 0.675 6.00 4.05
0.6 2.65 0.690 6.37 4.40
1.0 2.35 0.720 7.00 5.04
2.0 2.06 0.750 8.00 6.00
3.0 1.79 0.760 8.62 6.56
3.5 1.55 0.780 10.00 7.80
4.0 1.46 0.796 10.50 8.35
5.0 1.27 0.816 . 11.50 9.39
6.0 1.05 0.847 13.50 11.43
7.0 0.90 0.880 15.25 13.42
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Figure 3.10 No-load power consumption of the oscillomotor
as a function of frequency of oscillation.
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18 to 65 were used. The purpose of the investigation was not explained 
to the subjects who were merely asked to relax and to let their feet be 
driven by the machine. All six remained fully conscious during the 
investigation. After an initial period of flexion to accustom the sub­
jects to the procedure, measurements were made at four of the speed 
settings used previously in the patient investigation.
Measurement of the motor voltage was made from the recorder 
tracings by planimetry. This was necessary because of the oscillatory 
nature of the voltage fluctuations. It was found on the other hand that 
the motor current could still be read satisfactorily from the Avometer.
The results of this experiment are tabulated in Table 3.6. For 
each of the six subjects the mean terminal voltage (V) and the mean 
motor current (I) is tabulated against the period of oscillation (T).
The loaded V.I product (W^) is also given.
The next stage in the estimation of the power delivered to the
leg is to determine, from Equation 3.10, the exact 'no-load' power for
each setting and for each subject. This value is then subtracted from
the loaded power (W^) and this gives the power to the foot. Thus for
example. Subject 8 at setting 3 moved with a period of oscillation of 
2.00 secs. This means the frequency of oscillation is 0.50 Hz. Equation
3.10 reveals that the no-load power (W^) at this frequency is 6.00 watt. 
Now the loaded power (W^) given in Table 3.6 is 6.81 watt. Thus the 
power consumed by the legs is 0.81 watt.
This procedure is repeated for each set of readings in Table 3.6. 
The mean power (^ net) an^ oscillation period is then calculated for each 
of the four settings. The results are then plotted as in Figure 3.11.
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TABLE 3.6 Oscillomotor power consumption - two leg loading
Subject Setting T I V wi
sec amp volt watt
7 2 2.30 0.810 6.75 5.46
3 2.15 0.825 7.50 6.18
4 1.70 0.840 9.25 7.77
5 1.40 0.870 10.75 9.35
8 2 2.30 0.825 7.25 5.98
3 2.00 0.825 8.25 6.81
4 1.65 0.865 9.75 8.43
5 1.35 0.875 11.11 9.72
9 2 2.30 0.850 7.00 5.95
3 2.10 0.850 7.75 6.59
4 1.75 0.900 9.12 8.22
5 1.40 0.920 10.75 9.89
10 2 2.40 0.840 6.62 5.56
3 2.10 0.865 7.62 6.59
4 1.55 0.880 9.50 8.36
5 1.45 0.915 10.50 9.61
11 2 2.70 0.850 6.62 5.62
3 2.00 0.865 8.25 7.14
4 1.80 0.900 9.38 8.44
5 1.50 0.920 10.25 9.43
12 2 2.70 0.850 6.50 5.52
3 2.15 0.855 7.75 6.62
4 1.75 0.905 9.00 8.14
5 1.50 0.925 10.00 9.25
The points represent the mean values, and the bars represent ±1 S.D. on 
that mean. Straight line regression of the points yields the equation:-
W /  = 2.19 - 0.567T......       3.11
net
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Figure 3.11 Power consumed by the limb as a function 
of oscillation frequency.
3.2.6. CORRELATION BETWEEN POWER TO LIMB AND INCREASE IN FLOW
Before the results obtained in the previous section can be corre­
lated with those obtained in Section 3.2.2., it must first be demon­
strated that no difference is likely between the action of the 
oscillomotor on conscious and unconscious subjects. Examination of 
Tables 3.2 and 3.6 reveals that for each setting of the motor speed 
controller the mean period of oscillation in the conscious subjects is 
always greater than that obtained from the unconscious subjects. This 
is shown in Table 3.7. This suggests that there may be an inherent 
change in the elasticity of the leg between the conscious and unconscious 
states. However, this takes no account of the loading effect of the 
Avometer used to measure the motor current in Sections 3.2.4 and 3.2.5.
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This loading effect was therefore investigated by running the oscillo­
motor unloaded at various speeds. The time taken for 20 oscillations 
was noted when the Avometer was both in and out of circuit. The results 
of this test are summarised in Table 3.8 and plotted in Figure 3.12.
The graph indicates that a change does occur on removing the Avometer 
load. A correction can now be applied to the figures in Table 3.7, the 
corrected figures being given in Table 3.9. Applying this correction 
brings the respective oscillation periods to within ±1% and indicates 
that the period of oscillation produced at each setting is substantially 
independent of depth of anaesthesia. Thus the results obtained in Section
3.2.5. on conscious subjects may be correlated with those obtained in 
Section 3.2.2. on unconscious subjects.
TABLE 3.7 .
Setting
Mean period in 
unconscious subjects
Mean period in 
conscious subjects
5
2
4
3
(sec)
2.15
1.71
1.51
1.31
(sec)
2.45
2.08
1.70
1.43
TABLE 3.8
Time for 20 
oscillations 
with Avometer 
in circuit
(sec)
Time for 20 
oscillations with 
no Avometer in 
circuit 
(sec)
Period of 
oscillation 
with Avometer
(sec)
Change in period 
on removal of 
Avometer
(sec)
25.4 
28.0
31.8
36.4 
39.0
43.8
47.8
23.2
25.6
28.6
32.4 
34.6
38.4 
41.8
1.27
1.40
1.59
1.82
1.95
2.19
2.39
0.11
0.12
0.16
0.20
0.22
0.27
0.30
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TABLE 3.9
Setting
Mean period in 
unconscious subjects-
Mean period in 
conscious subjects
2
5
4
3
(sec)
2.15
1.71
1.51
1.31
(sec)
2.14
1.73
1.52
1.30
The aim of this section is to correlate Figure 3.3 with Figure 3.11. 
This is simplified by the fact that both graphs are ostensibly straight 
lines. It is only necessary therefore to consider the two extremes of 
the period of oscillation; take the value of power and flow increase at 
each of the extremes; plot them as functions of each other and draw a 
straight line between them. This is done in Figure 3.13. In this figure 
the mean increase in venous flow is shown as a function of power to the 
limbs. The continuous line (A - B) represents the limits covered by the 
experiments, while the broken line (B — C) represents the extrapolation 
of the line back towards the x-axis. The graph indicates that the 
increase in mean venous flow is approximately 17%/watt.
CHANGE IN PERIOD 
PRODUCED BY REMOVAL 
OF AVOMETER 
(sec)
0  35 - i
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0
10 12 1 4  1 6  1 8  2 0  2 2 2 4 2 6
PERIOD OF OSCILLATION 
W ITH AVOMETER IN C IRCUIT  
(sec)
Figure 3.12. Change in oscillation frequency produced by the
removal of a current measuring Avometer (1 amp range)
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Figure 3.13. Correlation between increase in femoral vein 
flow and power delivered to limb.
3.2.7. CORRELATION BETWEEN RESTING FLOW AND CHANGE PRODUCED 
* BY flexion
During the course of the investigation it was felt that there might 
well be some correlation between the flow increases produced by passive 
flexion and the size of the calf muscles. The legs of all the patients 
were therefore measured for length and girth, but no significant corre­
lation between the parameters was found. It became apparent, however, 
that there was a definite correlation between the resting flow and the 
flow change produced by passive flexion.
In order to evaluate this correlation, the flow readings tabulated
in Table 3.3 were used. For each setting of the motor on each of the five
patients the net percentage change in flow referred to the control limb
(AQ - AÔ ) was tabulated against the resting flow in the experimental 
ve vc
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limb prior to flexion (Ô )• Because the net change in flow depends on 
the frequency of flexion (as shown by Equation 3.7), the flow changes 
were normalised quite arbitrarily to an oscillation period of T = 1 sec. 
This meant that in all cases the flow changes were increased slightly - 
the longer the period of oscillation, the greater the increase* These 
normalised points were then plotted as a scatter diagram, shown in Figure 
3.14. Straight line regressional analysis of these points yields the 
equation:-
AQ % = (AQ - AQ ) = 68.15 - 0.376Q     3.12
net ve vc e
Statistical analysis of the points reveals that the correlation 
coefficient is 0.694 with a probability of <0.001 - indicating a fairly 
significant result.
NET CHANGE IN FLOW 
('/•)
60 -,
50 -
40 -
30 -
20 -
r s 0*69
p < 0 001
10 -
RESTING FLOW 
(m l/m in )200180160140120100
-10 -
Figure 3.14 Net change in flow produced by passive flexion
as a function of the resting flow.
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3.3.1. THE EFFECTS OF SUSTAINED PASSIVE FLEXION
In order to confirm that the increases in femoral vein flow 
elicited in Section 3.2.2. could be sustained over a long period a 
further investigation was carried out in three patients.
In this series the patients were prepared as detailed previously.
Flow probes were then placed on each femoral vein proximal to the 
sapheno-femoral junction. One leg was placed in the oscillomotor while 
the other was supported at the side of the machine. As in Section 3.2.1., 
$was fixed at 80° while 0 was set at 20 .
In order that the frequency of flexion be held constant, the d.c. 
motor of the oscillomotor unit was changed for a mains excited induction 
motor, the speed of which is largely independent of the load - being con­
trolled by the frequency of the mains. A coupling gear box was chosen 
so that the period of oscillation was 1.2 seconds (50 r.p.m.), since 
changes in flow at this speed are maximal (vide Section 3.2.2.).
After placement of the probes a rest period was allowed in order 
to obtain equilibrium. Once a steady state had been reached the oscillo 
motor was switched on. Readings of the flow were subsequently taken from 
traces at five—minute intervals from the time of turn on. In order not 
to prolong the investigation longer than necessary the duration of 
flexion was limited to 30 minutes.
3.3.2. RESULTS OF SUSTAINED FLEXION
The flows obtained during the sustained flexion investigation are
tabulated in Table 3.10. For each patient, flow in the experimental
(flexed) limb, is tabulated against flow in the control (unflexed)
limb Q . The flow changes produced by the flexion are summarised in 
vc
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Table 3.11. For each patient, the change in experimental limb vein
- # ”
flow, AQ„^ and the change in control limb vein flow, AQVC is tabulated
at five-minute intervals.
TABLE 3.10 
Subject
Effects of sustained flexion
13 14 15
Duration of 
flexion L V L L L L
(min) (ml/min)
0 188 186 240 232 88 142
5 232 168 269 236 133 155
10 238 171 275 232 146 152
15 244 183 276 238 149 159
20 248 189 279 239 152 156
25 252 198 270 247 141 137
30 256 204 267 244 134 128
TABLE 3.11 Changes in. flow produced by sustained flexion
Subject 13 14 15
Duration of 
flexion < < aL A*vc
(min) (ml/min)
5 23.4 -9.7 12.3 1.7 51.1 9.2
10 26.6 -8.1 14.5 0.0 65.9 7.0
15 29.8 -1.6 15.0 2.8 69.3 12.0
20 31.9 1.6 16.0 2.9 72.7 9.9
25 34.0 6.4 12.5 4.8 60.2 -3.5
30 36.2 9.7 11.2 3.4 52.2 -9.9
These results are summarised in Figure 3.15. Here the mean 'value i
the net venous flow change referred to the control limb K e  - A^vc)is
plotted at each five-minute interval . The curve shows that after an
initial rise the increase in femoral vein flowrate shows a slight but
progressive fall as the flexion continues. The flow curves also showed 
that the increase in the venous flow amplitude is also maintained.
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Figure 3.15 Effects on femoral vein flow of sustained passive flexion
3.4.1. EFFECTS OF PASSIVE FLEXION - fixed frequency, varying amplitude
In this, the final part of the investigation, three patients were 
prepared as in Section 3.2.1. For the purpose of the test flow measure­
ments were made on both femoral veins with the exception of one case 
where flow readings on the control leg had to be abandoned because of 
probe failure.
The speed of the oscillomotor was governed by the mains frequency 
driving the a.c. induction motor. The period of oscillation was thus 
held sensibly constant at 1.2 second.
The length of the coupling link shown in Figure 3.2 was varied in 
four discrete steps so that the values of the foot angulation indices 
0 and 0 were:-
Setting
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1 80 20
2 75 30
3 70 40
4 65 50
This, in effect, meant that the feet were flexed ±10°, ±15°,
±20° and ±25° about the vertical. The upper limit to these excursions 
was determined beforehand as being within the limit of comfort for 
conscious subjects.
As in Section 3.2.1. following placement of the probes a two- 
minute rest period was followed by a two-minute period of flexion.
Flow readings were taken from the traces at the end of the experiment.
3.4.2. RESULTS OF VARYING FLEXION ANGLES ON FEMORAL VEIN FLOW
The purpose of this series of tests was to determine the effects 
on flow increases of varying the flexion angle and to discover whether 
or not there is an optimal angle. The results obtained are shown in 
Table 3.12. For each patient, the mean femoral vein flowrate in the 
control leg (Qvc) and the mean femoral vein flowrate in the flexed leg 
(Q ), are tabulated against the angulation setting of the oscillomotor 
(1-4) . In addition, the maximum and minimum femoral vein flowrates in
A V
the flexed limb (Qve and Q^) are also given.
In Table 3.13 the net changes,derived from the figures in Table 3.12 
are shown. For each patient sustained change in venous flowrate in the 
control leg (AQVC) and sustained change in the flexed leg (AQve) are tabu­
lated against the foot angulation setting of the oscillomotor. Also given 
are the net change in the flexed leg flowrate AQnet = AQve - AQvc, and
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the change in venous flow amplitude AAmp, the flow amplitude being
-  v  •
The results from Table 3.13 are plotted in Figures 3.16 and 3.17.
Each point represents the mean value taken from the three patients, 
the vertical lines indicating ±1 Standard Deviation about this mean.
Figure 3.16 shows the effect on net increase in femoral vein flowrate 
of the angulation index 0. Regressional analysis of these points yields 
the equation:-
AÔ = 1.3050 - O.O11502....................... 3.13
net
Figure 3.17 shows the effect of angulation index 0 on the change 
in venous flow amplitude AAmp(%). Regressional analysis of these points 
yields the equation
AAmp = 17.80 - O.13102 ................ ..........3.14
3.5.1. DISCUSSION
The data presented in this chapter are the results of an investigation 
to determine the effects of rhythmic passive flexion of the foot on blood 
flow in the femoral vein. It is implicit in the argument that changes 
observed at the measuring site in the groin reflect changes in flow being 
produced in the calf region. It is, moreover, not unreasonable to sup­
pose that changes produced in the calf region will be attenuated by the 
time they are measured in the groin. It is hoped that advances in flow 
measurement techniques, particularly in the field of thermal dilution 
flowmetry, should soon make it possible to estimate this attenuation.
What this present study reveals is threefold. First, passive flexion 
of the foot can increase the mean blood volume flowrate into and out of
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TABLE 3.12
Subject
16
17
18
TABLE 3.13 
Subject
Effects of angulation 
Setting Q
vc
106
106
90
90
90
90
96
98
ve
ml/min
230
236
244
252
244
246
244
232
Net changes in flow
Setting
1
2
3
4
AQvc
%
0.0
0.0
0.0
2.1
100
144
104
144
106
144
106
146
104
114
100
120
100
130
96
130
156
180
152
200
152
200
140
190
AQve
%
44.0 
39.5
36.1 
37.7
V
Qve
92
128
92
132
102
114
102
134
96
100
92
108
92
112
92
120
152
160
148
168
148
168
136
160
AQnet
%
44.0
39.5
36.1
35.6
C
Qve
116
192
112
188
122
188
122
224
112
140
108
156
108
168
104
174
164
248
160
280
160
304
148
288
AAmp
%
167
180
270
350
218
TABLE 3.13 continued
Subject Setting AÔnet
AAmp
% % % %
1 - 9.6 9.6 150
17 2 - 20.0 20.0 200
3 - 30.0 30.0 250
4 - 35.4 35.4 350
1 4.3 15.4 11.4 600
18 2 3.3 31.6 28.3 833
3 0.8 31.6 30.8 1033
4 -4.9 35.7. 40.6 967
the leg. Secondly, passive flexion can considerably increase the pulsa- 
tility or amplitude of the venous flow wave. Thirdly, the effects of 
passive flexion appear to be sustained for long periods. These facts 
indicate that if flow is an important mediating factor in the formation 
of deep vein thrombi, then per-operative passive flexion of the feet 
should have some definite prophylactic benefit.
The actual flow changes produced by passive flexion show considerable 
variation from patient to patient, but the trends observed in all the 
patients were consistent. A cursory examination of Table 3.2 would appear 
to indicate a very dissimilar effect on arterial inflow and venous out­
flow. However, when the results are subjected to regressional analysis, 
the effects produced are clearly the same (as evidenced by comparing 
Equation 3.1 with Equation 3.2). In these equations the increase in the 
mean arterial and mean venous flow is seen to be about 34% when the feet 
are flexed infinitely fast, and falling to no increase when they are flexed 
once every 3 seconds. This extrapolation outside the experimental range 
is not entirely justified and should be treated with caution. It does.
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however, serve to indicate how the results may be interpreted. It is 
interesting to note at this point that recent work at Oxford using an 
electrical calf stimulator producing one pulse every five seconds has 
failed, using the I125 technique as a means of detection, to signifi­
cantly reduce the incidence of post-operative deep vein thrombosis.
When one leg alone is moved there is a definite increase in flow 
in the unflexed leg. This is shown by Equation 3.6 and demonstrated 
graphically in Figure 3.7. The change elicited in the control leg is 
approximately +5% and is substantially independent of the frequency of 
flexion of the other foot. This is probably the result of a central 
vaso-motor reflex similar to that shown in Section 2.3.2. When the 
flow change in the flexed leg is referred to the control leg, as is done 
in Equation 3.7, the result is almost identical with Equation 3.1. This 
demonstrates very clearly the consistency of the results which were 
taken from different sets of patients.
The graphs of change in venous flow amplitude (Figure 3.6 and Figure 
3.9) show that this change is only slightly dependent on the frequency 
of flexion, the amplitude increasing as the period of oscillation 
decreases. What is important, however, is that at the fastest frequency 
of flexion investigated here, it is possible to increase the venous flow 
amplitude by as much as ten times. This can be seen by reference to 
Table 3.4. Further examination of this table will reveal that in 
another patient the net increase in venous flowrate was 56% at the high­
est frequency of flexion.
The effects of passive flexion on peak venous flow follow much the 
same trends as the other parameters, the largest changes being produced 
at the highest frequency of flexion. Table 3.2 records that the peak
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venous flow was increased in one patient by 125%.
It is to be regretted that the results of the experiments could 
not have covered a wider range of oscillation periods - in particular 
those less than 1.2 seconds. This shortcoming was due in part to a 
slightly misleading pilot study and in part to the incapability of the 
oscillomotor, as built, to function at these higher speeds. It might 
be argued that at an oscillation period of less than 1.2 seconds the 
increases in venous flow may reach a maximum and then decrease as the 
period of oscillation progressively shortens. At some future date it 
would be worthwhile modifying the oscillomotor to clarify this point.
That part of the investigation which considered the power/flow 
increase relationship revealed two things. First, that the power con­
sumed by the legs when being flexed varied inversely with the period 
of oscillation and secondly, that this relationship is linear (as shown 
by Figure 3.11). This linear relationship considerably simplifies the 
correlation between the power input and flow increases, as mentioned in 
Section 3.2.6. The resulting correlation is linear (as shown in Figure 
3.13), and indicates that the increase in venous flow produced by pas­
sive flexion is directly proportional to the power expended in producing 
the flexion. The line A-B in Figure 3.13, when extrapolated to point C 
indicates that a "threshold power" is required before any flow increase 
is produced, though it may be argued that this is simply a measure of 
the coupling losses which inevitably occur in any electromechanical system. 
What this part of the investigation does reveal, however, is the remark­
able inefficiency of passive flexion as a method for pumping blood from 
the calf. The efficiency is difficult to estimate exactly but is of 
the order of 0.01%, which is very low indeed. (This is calculated by
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assuming that 1 watt will produce an increase of 17% in a resting flow 
of 100 ml/min, and that this flow increase will be moved 0.5 m - the 
calf to groin distance.)
The correlation between resting flow and the change produced by 
flexion shows that for angulation indices of 0 = 20°; $ = 80 , no
change can be expected if the resting flow is 180 ml/min. At resting 
flows below this value the flow should be increased, and at resting 
flows greater than 180 ml/min a reduction may be expected. Although 
the correlation coefficient of the scatter diagram in Figure 3.14 is 
only about 0.7 (p < 0.001), the implication behind the result is impor­
tant. If poor flow is the precursor to deep vein thrombosis then, from 
the results presented here, it would appear that it will be those patients 
who are at higher risk who will benefit most from per-operative passive 
flexion.
The tests on the effects of prolonged passive flexion are an 
important part of the investigation. One of the limitations of elec­
trical stimulation of the calves is that any effect produced in contract­
ing the muscles tends to wear off as the stimulation continues. This 
must either be ignored or must be continually allowed for - by increasing 
the stimulating voltage for example. From intuitive argument there 
appears to be^reason why the effects of passive flexion should change 
as the flexion is prolonged. This was confirmed by the results presented 
in Section 3.3.1. Figure 3.15 shows that the increase in femoral vein 
flowrate is maintained for at least 30 minutes from the start of flexion. 
It shows, furthermore, that although there appears to be a slight diminu­
tion of the effects as flexion continues, the drop is barely significant. 
It is interesting to note that the mean flow increase (approximately 30%)
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agrees very closely with that shown in Figures 3.3 and 3.7. It can 
therefore be stated with conviction, that the effects of passive 
flexion can be maintained for at least 30 minutes and in all probabi­
lity for much longer periods.
The final part of the investigation is concerned with the effects 
of varying amplitude of the flexion. As might be expected, the magni­
tude of the flow changes increases as the degree of flexion is increased. 
Figure 3.16 shows the effects of varying degrees of flexion on the 
increase in mean femoral vein flowrate. As the angulation index 6 
increases, the effect on the flow rises towards a maximum. Differen­
tiation of the equation for the line (Equation 3.13) reveals that the 
effect on the flow will be maximal when 0 = 57°. This is interesting 
because, from personal observation, this is the limit of comfort - 
particularly in dorsiflexion. Differentiation of the equation for the 
increase in flow amplitude (Equation 3.14) does not lead to exactly the 
same figure for 0, but this difference may well be due to the large 
variations found in the amplitude changes - particularly in Subject 18.
In any event, the maximum effect on either the mean flow or the flow 
amplitude can be expected to occur with angulation indices of about 60 . 
This analysis of the angulation effect is by no means exhaustive, but 
a considerable amount of further work would need to be done in order to 
extend it sufficiently to determine optimum cam rotational characteristics. 
In the present context it was felt that this work was not justified.
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Figure 3.16 Net increase in mean femoral vein flowrate as 
a function of the angulation index 0.
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Figure 3.17 Increase in the amplitude of the venous flow
pattern as a function of the angulation index 0.
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3.5.2. CONCLUSIONS
To summarise then, the following points can be made:-
(i) passive flexion increases mean venous outflow and mean arte­
rial inflow equally. The faster the flexion, the greater the increase 
(within the limits of these experiments).
(Ü) Passive flexion increases the amplitude of venous flow. The 
amplitude is almost independent of frequency, showing a slight increase 
as the frequency of flexion goes up.
(iii) Passive flexion of one limb results in a small but frequency 
independent flow increase in the other limb. This increase is about 5%.
(iv) Passive flexion increases the peak value of the femoral vein 
flowrate. The peak flow increases as the frequency of flexion rises.
(v) The increase in mean femoral vein flowrate is directly propor­
tional to the power expended in producing the passive flexion.
(vi) With resting femoral vein flowrates of less than 180 ml/min 
the increase produced by passive flexion is inversely proportional to 
the resting flow.
(vii) The amplitude of the venous flow wave, together with its mean 
value both increase as movement of the foot increases. The mean flow 
increase has a theoretical maximum when the foot is flexed ±30° about 
the vertical with the patient lying in the supine position.
(viii) The effects, on flow, of passive flexion are maintained for at 
least 30 minutes, and in all probability for much longer periods.
Considering the sum total of these points suggests that if poor flow 
is responsible for the inception of thrombi in the deep veins of the legs 
then per-operative passive flexion of the feet might well reduce its 
incidence. In particular it could be used to advantage because its effect 
in no way relies on, or varies with, the anaesthetic condition of the 
patient; it is simple and straightforward to use, and to date, no patients 
have complained of ill effects.
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Section 4
GENERAL DISCUSSION AND TOPICS FOR FUTURE WORK
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1.1.1. MEASUREMENT OF VESSEL FLOW
The science of blood flow measurement has now developed to a 
point where measurements are being made routinely during surgery 
throughout the entire world. Of all the systems available, the 
electromagnetic flowmeter is by far the most reliable. However, as 
has been shown, it is not faultless. These faults lie mainly in the 
techniques of calibration. Further errors will be encountered if the 
cuff-type flow probes are used on diseased or atheromatous vessels.
To date, no work has been reported on estimating the magnitude of these 
errors, though it seems likely that some estimate could be made by 
examining the electrical conductivities of the various layers of the 
vessel wall. In this respect it might well be worth combining the work 
of Wyatt (1968b) with that of Edgerton (1968) so that the effects of 
multilayer tensor conductivity of the vessel wall could be analysed.
The technique of local thermal dilution on the other hand is still 
in its infancy. Its main advantage lies in the fact that, by compari­
son with the electromagnetic flowmeter, it is inexpensive. Its other 
advantage is its capability of performing complete traverses of whole 
vascular systems. The big limitation of the flow investigations reported 
in this thesis is that they only adumbrate the changes in flow occurring 
in the calf region. When the thermal dilution system has been success­
fully completed these changes will be capable of being measured precisely, 
where hitherto they could only be estimated.
The electronic circuitry for the computing unit is already, to some 
extent, obsolete. New devices are continually finding their way onto 
the market, and it is not beyond the realms of possibility to predict 
that in the course of a year or two, the instrumentation for thermal
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dilution flowmetry will be fully automatic.
The work on light diffusion through blood unfortunately leaves 
more questions asked than answered. There is a-definite paucity of 
reliable and detailed information about the optical properties of 
blood, and it is in this direction that the avenues for research are 
widest. Before light diffusion flowmetry becomes a science rather 
than an art, work must be done on the question of motion and erythro­
cyte orientation. This would appear to be something of a statistico— 
mathematical tour de force, but should not prove to be impossible.
This work when completed will not only provide fundamental information 
for the biorheologists, but will also provide invaluable corroborative 
information for an investigation currently being carried out into 
motion-induced conductivity changes.
As far as the electronic instrumentation for this flow system is 
concerned, some beneficial reduction could be made to the circuit in 
Figure 3.8. This could well be changed to a two-stage system by com­
bining the first two stages into a single unit. This would have the 
additional benefit of improving the stability of the whole system.
The vascular conductance meter is9 subject to its inherent limita­
tions, a very useful instrument. Very much more information will be 
obtainable when a link with a digital computer becomes available.
1.2.1 CONTROL OF VESSEL FLOW
The application of moving magnetic fields to the control of vessel 
blood flow is an interesting, though impracticable idea. It may, however, 
be valuable to investigate the effects of electromagnetic fields on 
thrombus formation since work in Russia (Mogendovich and Tishankin, 1948a,b
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Mogendovich and Sherstneva, 1947, 1948a,b; Mogendovich, 1965) has 
shown that under the influence of electromagnetic fields
(i) the erythrocyte sedimentation rate is reduced and a rota­
tional motion is imparted to the erythrocytes;
(ii) the clotting time is increased.
Furthermore, Herrick (1958) has shown that erythrocytes tend to 
orientate themselves along electric lines of force.
All these factors suggest that further work on the application 
of electromagnetic fields might be fruitful.
The investigation into the effects of external compression has 
shown that the mean flow can only be increased by the odd few percent. 
The changes observed appear to be related to the transmural venous 
pressure. It would appear that the mean venous flow is maximal when 
this is about zero, and both increases in the pressure (which tend to 
increase the resistance to flow) and decreases in the pressure (which 
have the same effect because of vessel collapse) appear to lead to 
reduced flows. This finding closely parallels another made by the 
author (Roberts, 1970) in which it was shown that the venous flow was 
maximal when the whole body (in this case, of a greyhound) was titled 
10° feet up. This would have the effect of reducing the transmural 
venous pressure to around zero. In this respect there is a need for a 
corroborative study to be carried out on patients, measuring the effects 
of inclination not only on flows, but on venous pressures and peripheral 
vascular conductance as well.
If the only important factor in the prevention of deep vein throm­
bosis is the amplitude of the venous flow wave, then the application of 
pulsating external pressures should be successful. An investigation is
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currently in hand to examine these effects.
The investigation into the effects of rhythmic passive flexion 
of the foot revealed several interesting facts, not least of which 
was the observation that the point of maximal effect coincided with 
the limit of comfort for conscious subjects. A clinical trial of 
controlled passive flexion would reveal whether increasing the mean 
flow and flow amplitude together will reduce the incidence of deep 
vein thrombosis. If such a trial were to prove that passive flexion 
was beneficial, then another method should be tested which, for example 
only affected the amplitude of the flow waveform. A clinical trial 
designed to assess the efficacy of passive flexion is now in hand.
A considerable quantity of data has been accumulated in the course 
of these investigations, but still more will be required before a 
sufficiently detailed model of the biomechanical control systems of 
the venous system of the leg can be constructed. Until that date any 
recommendations advanced can only be tentative. Indeed, until more 
is known about the causes of deep vein thrombosis and the precise rela­
tion of its incidence to changes in flow we can do little more than 
guess at the truth. We are, however, progressing steadily along what 
I believe to be the right path.
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Integrated analogue 
divider/multiplier
V. C. Roberts,
Bio Mechanics Dept, King's College Hospital, London
The description is given of a circuit whose output is equal to the product of two input variables divided by a third. 
Using a sampling technique, an accuracy of better than one per cent is achieved over a wide range of input levels.
s o m e  r e c e n t  w o r k  on the measurement of human blood 
flow involved the use of a simple analogue divider/multiplier. 
The divider section of the circuit was required to handle 
input variables having the same sign, while the remaining 
multiplicand could be either positive or negative. A n  overall 
accuracy and linearity of 1 % or better, with a frequency 
response extending up to 1 kH z with no loss in accuracy, was 
considered to be sufficient.
The circuit described uses a sampling technique1 operating 
at frequencies considerably higher than those whose ratio and 
product are required. Fig. 1 shows the complete circuit.
1 Theory of operation
The function of the unit is to generate an output voltage E q, 
such that
Æb = .Ea • E\
Ez
(1)
Assuming that Ei, Ez and Ez do not change appreciably 
during the sampling period, they may be considered as d.c. 
quantities.
Consider that at time f =  0, the voltages across C i and Cz 
are zero. As Cz begins to charge through Rz from the source 
voltage Ez, the voltage appearing at the base of VTab w ill be 
given by
Vz =  £3 [1 -  ex p (-? /C 3 Rs)] ....................... (2)
Similarly, the voltage across C i will be given by:
V i = E i [ l - e x p ( - t / C i R i ) \  ...........!...........(3)
Assuming that Ez is greater than Vz, the output of the 
amplifier w ill be approximately 10 V . The diode ensures that 
the gate terminals of the field-effect transistors V T i and V T 3 
are at about zero, where they are non-conducting and have 
their maximum value of drain-to-source resistance.
As C 3 charges, Vz rises to a point where it is slightly greater 
than Ez. The output of the amplifier, which is acting as a 
monostable multivibrator, then falls rapidly to about — 10 V , 
at which it remains for a period proportional to Cz(R§ +  Ri).
This negative pulse is applied to the gate terminals of V T i 
and V T 3 turning them to the conducting state, where they 
have their minimum value of drain-to-source resistance.
This causes the voltages across C i and C 3 to become zero. 
A t the end o f the pulse, the output of the monostable returns 
to 10V, and the cycle can recommence. The use of the diode 
prevents the gate-drain junction of VTs from becoming 
forward-biased when Ez is negative. In  this circuit the gate 
terminals of the field-effect transistors are at a negative 
potential when the output of the monostable is at — 10 V . 
When the output rises to zero, the negative charge on the 
gate terminals must be removed i f  the devices are to be 
turned on, and this is achieved by the use of capacitor C 5 
across the diode.
The maximum value which F3 can attain is limited by Ez. 
Further, the maximum value of Vi  is Eb. Substituting into 
equations (2) and (3) and eliminating time
Ez
Ez
=  1 - I ) ' (4)
where x  =  RiCi/RzCz. I f  now, E 1C1 is made equal to RzCz 
then equation (4) becomes
Ez . Ei
E q =
Ez
Thus, the amplitude of the output wave form is directly 
proportional to the product of Ez and E i, divided by Es.
2 Design criteria
The use of field-effect transistors as choppers has the following 
distinct advantages compared with conventional bipolar 
transistors. First, the drain-to-source voltage in the conducting 
state is negligible. Secondly, the drain-to-source resistance in 
the non-conducting state is typically 109 — 10n £I, ensuring 
that there is negligible reduction in the current charging the 
capacitors.
A  further loss of charging current occurs in the need to 
provide a bias current for the operational amplifier. This bias 
current is typically 100 nA  for the amplifier used. Its effect on 
the capacitor charging current is further reduced in this 
circuit by the use of an emitter-follower VTab, which has a 
typical Zzte of 200.
A  second emitter-follower VTaa reduces the loading of 
the generator Ez. The input offset current o f the differential
z
*+ 1 2 V
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100K
—Il—
2-2p
WV^
10k2 C 41 5 4 7 p
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2N
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Fig. 1 Circuit o f d ivider/m ultip lier
amplifier, which is a further source of error, can be provided 
by an imbalance in the emitter resistors R i  and i?s.
By far the largest potential source of error lies in the 
inequality of the time-constants RiCi and R 2.Cz. For example, 
when EzjEz — 0-5, an error of 1 % in the equality of the time- 
constants w ill produce an error of 1 % in the output. Further, 
it should be noted here, that the source resistances of Ei and 
Ez should be included in Ri and Rz, respectively.
The sampling time depends on the ratio o f Ez/Ez, the 
maximum value being 40 [xs, which corresponds to a ratio of 
Ez/Ez =  0 5. The sampling time can be varied by changing 
the time-constants of R 1C 1 and RzCz. Reducing them will 
raise the frequency response; the limitation on the minimum  
sampling time is set by the switching times of the monostable 
circuit and the field-effect transistors. Ideally, the latter 
should change from the non-conducting to the conducting 
state immediately Vz =  Ez. A  small, but finite voltage 
difference between Vz and Ez is, however, necessary before 
the output of the monostable circuit falls from + 1 0  V .
I f  the effect of R i  is neglected, then the monostable circuit 
becomes equivalent to an integrator in which, in effect
eo = — f<CzRz J 0(Ez —  Vz)dt (5)
By substituting the values given in Fig. 1 into equation (5), 
it can be seen that only a very small voltage difference between 
Ez and Vz is required to ensure that the field-effect transistors 
are switched.
The conducting period of the f.e.t.s. is proportional to the 
value of Ez, and in this circuit varies linearly from 16 jus to 
9 /xs, when Ez varies over the range 0 05 +  £2  +  5 0 V . The 
resistor R? is used to reduce the recovery time of the mono­
stable, the only limitation being that the period must be 
sufficient to return Vx and Vz to zero.
The moment at which Vx and Vz begin to decrease occurs 
when the drain current of the field-effect transistors exceeds 
the charging currents flowing through Rx and Rz. These 
currents w ill vary with the magnitudes of Ez and Ez, being 
greatest for the maximum values of Ez and Ez. The maximum  
value of Ez is limited by the input conditions of the particular 
integrated circuit used here, to about 5 V . The maximum value 
of Ez is slightly higher, being limited by the chopping output
pulses of the monostable circuit. That relationship between 
Ez and the minimum value of eo (the output voltage of the 
monostable circuit), which w ill assure pinch-off of the field- 
effect transistors, is given by
fo = IB] +  |£P| +  |£f|
6 0
6
Fig. 2 Limitation o f fie ld -effect transistor choppers— charging 
and drain currents as functions of drain-to-source  
voltage
where £p is the pinch-off voltage of field effect transistor and 
Et is the forward voltage drop across the diode. For practical 
purposes, Ez has a maximum lim it o f + 6  V  for the circuit in 
Fig. 1.
The maximum possible value o f the capacitor charging 
current Ic is, therefore, 60 juA. Under these conditions the 
drain-to-source voltage Fns of the f.e.t.s. is zero. Similarly, 
when Jc is zero, Fns is about 6 V . The relationship between 
the two is linear, and has a slope determined by Ri and Rz. 
By superimposing the 7c/Fns curve on the /n /F n s  curve for 
the f.e.t. for the value of Fos =  0 , an indication of the 
limitations of the transistors as choppers can be obtained. This 
has been done in Fig. 2, from which it can be seen that i f  Ei 
is 6 V , the charging current flowing into C i w ill vary between 
0 and 60 juA, depending on the ratio of Ez/Ez.
The point at which the two curves intersect w ill give a 
voltage Fc, below which the drain current /n  is always less 
than the charging current 7c. Thus, i f  the ratio Ez/Ez is less 
than Fc/6, the circuit w ill become inoperative. In  practice,
this ratio is very small— about 0-002, and the practical „ 
lim itation of thé circuit is set by the accuracy with which the 
offset of the amplifier can be reduced to zero.
3 Thermal stability
In  the circuit described here, the use of an integrated circuit 
coupled with a dual planar transistor ensures an excellent 
thermal stability.
In  a thermal test with static input conditions, the change in  
output level was found to be approximately 2 X  10r5 %/deg.C, 
over the range 20°C to 110°C.
4 Performance and conclusions
In  assessing the static d.c. performance of the circuit, it was 
found to give an output having an accuracy better than 1 % 
for the following limits
— 6-0 <  £ ï  <  6-0 V  
0-05 <  #3 <  5-0 V  x
0-05 <  Ez/Ez <  0-5 
Fig. 3 shows a plot of error as a function o f frequency using a 
sinusoid for Ei.
Should it be required that Ez and Ez be negative voltages, 
the only modification that need be made to the circuit is to 
reverse the connexions to the input of the differential 
amplifier.
+ 5
- 5
-15
-20
-2 5
frequency (kHz)
Fig. 3 Error as function of frequency for single sinsusoid 
input
W hile the performance of this circuit is capable of con­
siderable improvement, when judged on a cost/effectiveness 
basis it represents a very fair compromise. By making 
relatively simple modifications to the basic design it should be 
possible to tailor the circuit to meet far wider and more 
exacting specifications.
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AN ANALOGUE COMPUTER FOR THERMAL DILUTION FLOW 
MEASUREMENT*
V. C. ROBERTS
Biomechanics Department, King’s College Hospital Medical School, London, England
Abstract—A  description is given of an analogue computer, designed for the instantaneous 
evaluation of blood volume flow rate. The catheterized probe, for which the computer was 
designed, is based on the principle of thermal indicator dilution. The inherent simplicity of the 
complete system compares very favourably with other more widely used techniques of blood 
volume flow rate measurement, and should find applications in the field of industrial fluid flow 
measurements.
INTRO DUC TIO N
h e  t e c h n iq u e  of volume flow rate measure- 
lent based on the principle of thermal dilution 
as been known for some time, and has been 
eveloped to some considerable degree of 
)phistication (R ic h a r d s , 1968).
Briefly, the technique involves injecting a 
lermal indicator (in this case normal physio- 
>gical saline at room temperature) into the 
lood stream, at a velocity high enough to pro- 
uce a region of complete thermal mixing, 
ecause of the heat exchanged in the mixing 
;gion, the mixture temperature is lower than 
lat of the flowing blood upstream of the mixing 
;gion. In order to measure the volume flow rate 
is necessary to measure three temperatures :
Tb— blood temperature prior to indicator 
injection.
Ti— indicator temperature during injection.
Tm— blood/saline mixture temperature, where 
thermal mixing is uniform over the vessel 
cross section.
The remaining parameters, whose values must 
e known before the volume flow rate may be 
/aluated, are:
Qi— volume flow rate of thermal indicator. 
Pi— indicator (saline) density.
pb— blood density.
Si— indicator (saline) specific heat.
Sb— blood specific heat.
Knowing all eight parameters, the volume 
flow rate Q b may be evaluated by using the 
equation:
Q b  =  Pi Si-Qi-(Tm —  Ti)/pb Sb(Tb —  T^ ) 
which can be expressed as:
Qb =  K Q i  (Tm -  Ti)/(Tb -  Tm) (1)
where K  varies with haematocrit.
In normal clinical practice the haematocrit 
would be expected to fall within the range 36-50, 
and the variation of K  is about 1-3 per cent, 
according to F r o n e k  (1960).
In the probe, for which the computer was 
designed, two thermistors are used, one for 
detecting the indicator temperature, and the 
other for detecting the mixture temperature. 
Both can be used prior to indicator injection for 
detecting the blood temperature.
The two temperature-sensing thermistors are 
incorporated into detector circuits which com­
pensate for the non-linear properties of the 
thermistors.
The detector circuits produce three voltages 
proportional to the three temperatures Tb, 7i and
* Received 27 November 1968.
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Memory
circuit
Temperature
detection
circuits Divider-  
multiplier
Fig. 1. Block diagram of computing unit.
ing the continuity of the thermistor during use 
A  block diagram of the unit is shown ii 
Fig. 1.
MATERIALS A N D  M E T H O D S
Temperature detection 
The accurate determination of the threi 
previously mentioned temperatures is the funda 
mental requirement of the whole unit. Tin 
temperature detection circuits must be designet 
to give absolute reliability and stability. An; 
errors that they introduce will seriously affect th
Tm. One of these voltages, Vb, is stored in a 
memory circuit for use during subsequent com­
putation. The three voltages are then fed to 
subtracting amplifiers and the resulting output 
voltages fed to a divider-multiplier circuit. A 
fourth voltage, proportional to the ratio of 
specific heats of blood and saline, is also fed to 
the divider-multiplier.
The output from this circuit is then fed to a 
variable gain buffer amplifier before being used 
to drive an output meter and pen recorder.
Provision is made within the circuit for check­
5000
4000
<3 3000
I
'55
"  2000
1000
0 10 5020 30 40
Temperature, °C
Fig. 2. Resistance-temperature characteristic of an un­
compensated (a) and a compensated (b) thermistor.
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U23US100
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F ig . 3. Typical Wheatstone bridge temperature detection circuit.
accuracy of the flow reading, however accurate 
the subsequent computing circuitry.
Thermistor linearization 
The probe for which this computer was 
designed contains two bead thermistors (S.T.C. 
U23US) which are used as temperature sensors. 
These thermistors have an inherently non-linear 
temperature characteristic, of the form:
R  =  i?00exp(5/71) (2)
where R  is the resistance at the absolute temp­
erature T.
B  &  R n are constants for the particular 
thermistor used.
The curve for this thermistor is shown in Fig. 2a.
It is necessary to produce a linear characteristic 
over the required temperature range (20o-40°C) 
before the thermistor can be used. The techniques 
for doing this are described by B r y c e  (1967). 
The one most commonly used is to shunt the 
thermistor with a fixed resistance. This has the 
effect of producing a substantially linear charac­
teristic over a fixed range of temperature as in 
Fig. 2b. Tests made by the author have shown 
that a thermistor linearized in this way will have 
a temperature-resistance characteristic which is 
linear to better than ±1 per cent over the 
required range.
Detection circuits
The most common method of producing a 
linearly varying temperature-dependent voltage 
is to incorporate the thermistor into a Wheat­
stone Bridge circuit. A suitable one is shown in 
Fig. 3. This bridge could be balanced with the 
thermistor at blood temperature Th and the 
resulting output voltages during use would be 
either proportional to (Th —  rm) or to (Th —  TJ, 
depending on which of the two thermistors was 
incorporated into the bridge. This simple detec­
tion system was used in an earlier design, but was 
subsequently rejected in favour of the following 
constant current system. (The reasons for rejec­
tion will be mentioned later.)
In this detector system the thermistor, together 
with its linearizing shunt, is fed with a constant 
current from a transistor. The circuit used to do 
this is shown in Fig. 4.
The base of the transistor is fed from a series 
stabilized zener supply formed by RI and ZD1. 
Thus the base voltage VB of the transistor is held 
substantially constant despite fluctuations in the 
supply voltage. For a given transistor, the base- 
to-emitter voltage VBE is also substantially con­
stant. The emitter voltage VE across VRI is then 
fixed by the equation:
VE = V B -  VBE. (3)
Having fixed VE, the emitter current IE can be 
pre-set to a fixed value by the use of VRI. The
376 V. C. ROBERTS
ov
Thl
U23US
R2
560390
VTI
2 N 3707
ZD I
IS2I00A 50K
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Fig. 4 . Constant current temperature detection circuit.
collector current /c which flows through the 
thermistor and its linearizing shunt, is fixed such 
that
/c —  -Tu ~1~ (4)
By selecting a transistor which has a suitably 
high gain, IB becomes very small, and variations 
in it, produced by variations in the supply voltage, 
can be neglected.
The output voltage from the detector is then of 
the form:
Vj —  Ic (A —  BT) (5)
where A  and B  are constants determined by the 
thermistor used.
Tis the absolute temperature of the thermistor. 
Substituting values for Th, Tu and rm, into equa­
tion (5); subtracting the resulting equations from 
each other and substituting into equation (1) 
yields:
&  =  C.& (% -  -  F„) (6)
where C is a constant which is in a suitable form 
for computation.
Practical realization
In the computer unit, two constant current 
sources are used, one for each thermistor. The
bases of both transistors are fed from the same 
zéner stabilized supply. In the initial setting up, 
the collector currents are adjusted to 100 /xA by 
the use of VR1. The currents are matched to 
within 0 • 1 per cent by using a digital voltmeter.
The thermistor compensating shunts formed 
by R2 and VR2 are mounted outside the unit on 
the input cable. By the use of VR2, the resistance 
presented to the current source by the probe can 
be pre-set to a precise value, and variations in 
thermistor resistance caused by ageing or manu­
facturing tolerances can be effectively eliminated.
The advantages to be gained from using con­
stant current rather than bridge detection are 
mainly in terms of reliability. In an earlier, 
bridge-based design, it was found that balancing 
the bridges was tedious and prone to considerable 
error. The constant current system, once it has 
been set up, should require no further adjustment 
during use. The elimination of variable potentio­
meters, which require frequent readjustment 
during bridge balancing, further enhances the 
reliability.
The use of the constant current system further 
eliminates the need to feed the detector output to 
a differential amplifier before the temperature 
signals can be subtracted.
Other marginal advantages are, for a given 
maximum thermistor power dissipation of 
approximately 3 /xW, an increased detector gain 
of about 45 per cent, and a reduction of ther­
mistor power variation with temperature of 
about 60 per cent. (Detector gain is defined as the 
voltage output per °C change in thermistor 
temperature.)
Using the components shown, the temperature 
rise of the thermistor caused by the detector 
current has a maximum value of about 3 x 
10"2oC.
Memory circuit 
The memory circuit is used here to store the 
voltage Vh, which is proportional to the blood 
temperature just prior to indicator injection. This 
voltage is used during the subsequent indicator 
injection for computing the blood flow.
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Fig. 5. Memory circuit.
The circuit used is shown in Fig. 5. The voltage 
o be stored, Vh is fed to a differential amplifier 
da R7. Any difference at the input to the ampli- 
ier, i.e. between Fj and V0, will cause a positive 
)r negative voltage to appear across the ‘Store’ 
witch SI. On closure of this switch, Cl is either 
charged or discharged, R1 being used to limit 
he charging current. The capacitor will continue 
o charge or discharge until V0 =  F,. On releas- 
ng SI, the input voltage prior to release remains 
it the output, unaffected by subsequent changes 
n Fi. F0 will remain at a fixed value for as long 
is the charge remains on Cl. Leakage of this 
charge is reduced to an acceptably low level by 
he use of the field effect transistor VTI and 
emitter follower VT2. Two zener diodes ZD1 
ind ZD2 are connected across the input of the 
ntegrated circuit to protect it from input 
jverload.
Using the components shown, the output was 
bund to change by less than 0-2 per cent over a 
jeriod of 30 min. Since the indicator injection, 
ind therefore the computation, lasts for only 
10 sec, this level of leakage was deemed to be 
satisfactory.
Subtracting circuits
The subtraction of the temperature dependent 
voltages is done in a two stage system shown in 
Fig. 6.
In the first stage, two integrated circuits ICI 
and IC2 are used to do the main fixed gain sub­
traction of the signals. In the second stage, two 
variable gain circuits are used, to provide for 
three decades of flow rate, and to eliminate errors 
caused by the offset voltages of the integrated 
circuits used.
The first stage has a gain of x2 and presents 
the temperature detection circuits with a fixed 
load. In this way it acts as a buffer between the 
temperature detectors and the gain switching 
circuits.
The second stage amplifiers have gains which 
vary from x20 to x 1390. The effects of ampli­
fier offset voltages, which are nearly always 
present in integrated circuits, are eliminated by 
the use of RV1 & RV2.
The frequency response of subtracting circuits 
is a matter of personal choice, depending on the 
type of flow encountered. With the components
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F ig . 8. Positive peak detector circuit.
shown, the amplitude response is — 12 db at 
about 50 Hz. This was found to be sufficient for 
our investigations.
Divider-multiplier
The divider-multiplier used here is of the 
lapsed time type. The three input signals are 
sampled at frequencies considerably higher than 
any of their components. The output from the 
divider-multiplier is in the form of triangular 
pulses, whose amplitude is the product and ratio 
of the three input voltages. The computing error 
introduced by this circuit is less than ±1 per 
cent.
The circuit used is shown in Fig. 7, and has 
been described more fully by Roberts.
Positive peak detector
Before the output of the divider-multiplier can 
be used to drive the final amplifier, its pulses 
must be converted to a steady signal. This is done 
in the circuit shown in Fig. 8.
This circuit is similar in form to the memory 
circuit shown in Fig. 5, except that it functions 
continuously. The input voltage Fi is applied to 
the non-inverting input of the amplifier, while the 
output is taken from the inverting input. If the 
voltage at the input terminal is greater than that 
on the capacitor, the output of the amplifier 
becomes positive, charging the capacitor. When
the input voltage drops below the capacitor 
voltage, the output of the amplifier becomes 
negative and the diode becomes reverse biased. 
The capacitor is thus charged to the peak value 
of the input signal.
Injection rate amplifier
The final stage of the computing unit consists 
of an amplifier whose gain is proportional to the 
rate of indicator injection. In the present design 
the rate of injection varies from 0*73 to 1*85 
ml/min, in three specific steps. The precise value 
of injection rate can vary slightly from probe to 
probe and accommodation must be made for 
this.
The amplifier is also required in order to trans­
form the output from the computing circuits to a 
level suitable for driving the recording system 
used. In this case, the output for a full scale 
reading is 1-25 V.
The amplifier, shown in Fig. 9, consists of a 
single integrated circuit with a variable negative 
feedback loop. The variable feedback is provided 
by a bank of three decade resistances. The range 
of gains for which the unit will function is 0 • 50 
to 2 00, although this could readily be extended 
if required. The point must be made, that if the 
range of gains is extended, then the errors 
caused by the inequality of source impedances 
will multiply. Over the given range, the errors
(fac ing  p. 380)
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Fig . 9. Injection rate amplifier circuit.
inherent in this simple design have been found 
to be sufficiently low.
The output from this amplifier is fed to a 50 /zA 
meter mounted on the front panel of the unit, 
and to a pen recorder. Figure 10 shows a photo­
graph of the complete unit.
Check probe facility
A facility is incorporated for checking that the 
probe is fully functional while it is placed in the 
body.
To check the probe, the ‘check probe’ button 
is depressed. This disconnects the panel meter 
from the output and reconnects it to one of the 
outputs of the temperature detector circuits. The 
thermistor selected for checking is indicated by 
the switch at the top of the front panel. (Two 
positions only are used though three are shown.) 
The resistance in series with the meter is pre-set so 
that when the thermistors are functional at 37°C, 
the meter reads 17-5. Any marked divergence 
from this indicates a faulty probe. The most com­
mon fault to be encountered is a broken wire, 
caused by rough handling. A ‘thermistor +  
fault resistance of about 2 • 2 K  is sufficient to 
make the meter read full scale.
DISCUSSION
The probe-computer system described in this 
paper was the result of an attempt to obtain a 
reliable and relatively inexpensive method of 
measuring blood flow. Although designed for 
measuring the flow of a non-Newtonian fluid in 
elastic walled tubes of non-symmetrical cross 
section, the simplicity of the system should com­
mend its application elsewhere in the field of 
industrial flow measurements. The electronics 
involved in the computing unit are not complex, 
and because of this, this system of blood flow 
measurement compares very favourably with 
other more established techniques.
The accuracy of the complete system is at 
present limited by the probe. Although the 
probe is currently undergoing extensive develop­
ment, it is not anticipated that this development 
will necessitate radically changing the design of 
the computing unit.
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U N  CALCULATEUR ANALOGIQUE POUR LA MESURE DE DÉBIT 
PAR DILUTION THERMIQUE
Sommaire—L ’auteur donne une description d’un calculateur analogique conçu pour l ’estima­
tion instantanée des débits et volumes sanguins. Le catheter pour lequel le calculateur a été 
conçu repose sur le principe ce la dilution thermique. La simplicité inhérente au système, 
comparé à d’autres méthodes plus répendues, parle en sa faveur et devrait lui permettre de 
déboucher dans le domaine de la mesure des débits de liquides industriels.
ANALOGRECHNER FÜR DIE DURCHFLUSSMESSUNG MIT 
W Â R M E V E R D Ü N N U N G
Zusammenfassung—Ein Analogrechner fur die sofortige Berechnung der BlutdurchfluBge- 
windigkeit wird beschrieben. Die katheterisierte Sonde, fur die der Rechner angelegt wurde, 
ist auf dem Prinzip der anzeigenden Wârmeverdünnung aufgebaut. Die Einfachheit des 
ganzen Systems làBt es im Vergleich zu anderen, gebrâuchlicheren Methoden der Messung der 
BlutdurchfluBgeschwindigkeit vorteilhaft erscheinen. Anwendungen dürften sich auch in dem 
Gebiet der industriellen FlüssigkeitsdurchfluBmessung ergeben.
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The comparative measurement of splenic 
blood flow using "xenon and an 
electromagnetic flowmeter
L. M. Blendis, V. C. Roberts, M. Spiro, and R. Williams
F rom  the B iom echanics D ep a rtm en t a n d  the M .R .C . Group on the M etabo lism  
an d  H aem odynam ics o f  L iver disease. D ep a rtm en t o f  M edicine,
K in g ’s  C ollege H o sp ita l M ed ica l School, London
A uth ors’ synopsis M easu rem en ts o f  the splenic b lo o d  flo w  in f ive  greyhoun d dogs an d  one adult 
human undergoing sp lenectom y were p erfo rm ed  using a 133Xenon clearance m ethod  and an 
electrom agn etic  flo w m eter  sim ultaneously. A  highly significant correlation (r =  o-8ç  P <  o -oo /) 
betw een  these tw o m ethods w as found, indicating tha t the technique o f  m easuring organ b lo o d  
flo w  b y  m onitoring the clearance o f 133Xenon can be ap p lied  to  the spleen.
K ety  (1949) in troduced  the use  o f  rad ioactive  
inert gases as ind icators for the m easurem ent 
o f  b lo o d  flow  through an organ, based on  the  
theory that ind icators w h ich  diffuse freely  
across cell m em branes are cleared by b lo o d  
supp ly  a lone. F o llo w in g  verification  o f  this 
by Pappenheim er, R enk in , and  Borrero  
(1951), 133X en o n  w as used to  m easure b lo o d  
flow  through  the lun gs (W est, D o llery , and  
N aim ark, 1964); the brain, (H oed t-R as-  
m ussen, Sveinsdottir, and L assen , 1966); 
skeletal m uscle (L assen, Lindbjerg, and  
M unck, 1964); and the liver (R ees, R edd ing, 
and A shfield , 1964). T he sam e princip le was 
used to  m easure sp lenic b lo o d  flow , in  patients  
w ith  tropical sp lenom egaly , by injecting  
133X en o n  in to  the sp len ic artery through a 
percutaneous fem oral artery catheter and  
determ ining the clearance by surface cou n t­
ing  over the sp leen (W illiam s, P arsonson , 
Som ers, and  H am ilton , 1966). Subsequently, 
th is m eth od  w as used  to  m easure sp lenic  
b lo o d  flow  in  cirrhotic patients (W illiam s, 
C on don , W illiam s, B lendis, and K reel, 1968), 
and in  patients w ith  various types o f  b lo o d  
disease and  sp lenom egaly  (B lendis, B anks, 
R am b oer, and W illiam s, 1969). In  one o f  
these  studies reference w as m ade to  the  
experim ental verification  o f  this m eth od  in  
anim al studies by com parison  w ith  a therm al 
d ilu tion  b lo o d  flow m eter (W illiam s e t al.,
1968). H ow ever, further analysis o f  th is flow ­
m eter revealed certain errors (R ichards,
Accepted 31 M arch 1969.
1969) and this, coup led  w ith the availab ility  
o f  an e lectrom agnetic flow m eter, led  to  the  
present investigation .
Method
Experiments were carried out on five dogs 
weighing between 30 and 32 kg. The dogs were 
anaesthetized with intravenous Nembutal in a 
dose of 30 mg/kg body weight. The abdomen was 
opened through a midline incision and the spleen 
delivered from the peritoneal cavity. The spleen 
was covered with warm saline packs. The gastro- 
splenic vessels were divided in series between 
ligatures. One divided leash from the main 
splenic vessels was preserved for cannulation. To 
ensure intimate contact between the electro­
magnetic probe and the vessel, the splenic 
artery and vein were cleaned for a length of about 
2-5 cm, dividing the numerous autonomic 
nerve fibres accompanying these vessels. I t  was 
found that small pancreatic branches often needed 
to be divided with care. A t this stage the spleen 
was connected to the animal only by the main 
splenic artery and vein.
A  small arterial branch in the preserved leash 
of divided gastro-splenic vessels was then isolated 
and cannulated. The cannula was led into a 
division of the splenic artery and thence retro- 
gradely into the main splenic artery. The 133Xenon 
dissolved in saline was administered through 
this cannula.
After zero flow adjustment of the flowmeter, 
the flow was monitored until a steady state was 
reached, and then measured by both techniques 
(Fig. 1).
133Xenon flow measurements A  collimated scin­
tillation counter with a 1% in. sodium iodide
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f i g .  I  Experimental arrangement fo r splenic 
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crystal was placed perpendicularly to the bulkiest 
part of the spleen. The counter was connected 
via a linear amplifier to a ratemeter and thence 
to a potentiometric chart recorder. 50-200 p.Ci 
of 133Xenon dissolved in normal saline were in­
jected into the main splenic artery cannula in 
graduated amounts until the radioactivity in the 
spleen, as shown on the chart recorder, reached a 
plateau, signifying saturation of the spleen with 
133Xenon. The injection was then stopped, the 
cannula flushed with saline and the fall in tissue 
radioactivity recorded continuously.
After one to three measurements, each lasting 
approximately 15 minutes, the splenic artery and 
vein were clamped simultaneously and the spleen 
removed. The attached mesentery was then re­
sected and the spleen weighed.
The 133Xenon clearance curve was replotted 
from the chart paper onto semilogarithmic paper 
as a function of time. In  all instances this resulted 
in a single straight line, indicating a single ex­
ponential clearance rate. The t j  was determined 
from this replotted curve, and the slope (K ) 
calculated (K  =  0-693/4).
Splenic blood flow (Q) in m l./min/100 g was 
calculated from the formula :
Q =  K.A.ioo/p 
Where A =  partition coefficient of Xenon be­
tween blood and spleen, which is de­
pendent on haematocrit of perfusing 
blood (Williams et ah, 1968). 
p =  specific gravity of splenic tissue, which 
was found to be approximately 1 06.
The total splenic flow in ml./min was obtained 
by multiplying Q by the weight of the spleen.
Electromagnetic flow measurements The electro­
magnetic flow measurements were made using
the commercially available Nycotron blood 
flowmeter type 372, with Nycotron acute flow  
probes type PS.
Careful calibration of the probes was per­
formed on several dogs, using the aspiration 
technique recommended by the manufacturers, 
and by comparison with timed collection during 
controlled perfusion of one of the hind limbs.
Before measuring splenic blood flow the electro­
magnetic flowmeter was allowed to warm up for 
at least 1 hr. A  previously calibrated probe was 
placed on either the splenic artery or vein depend­
ing on the ease with which a satisfactory fit could 
be obtained. In  order to eliminate possible sources 
of interference, all other electrical equipment not 
associated with the measurement was switched 
off. In  addition the diathermy was disconnected.
Occlusion zeros were obtained just before 
133Xenon injection and just after it had cleared. 
During this period the mean flow was monitored 
continuously on a direct writing ultra-violet 
recorder. The mean electromagnetic flow over 
the whole 133Xenon clearance period was subse­
quently obtained from the recorder trace by 
planimetry.
A  potential source of error is the drift of the 
baseline with time. In  order to check this, the 
drift on two separate flowmeter channels was 
measured using probes immersed in saline. The 
test was run for 50 min, readings being taken at 
5 min intervals from  the time of turning on.
Spleen perfusion studies Since the 133Xenon 
method would be affected by functioning arterio­
venous shunts, splenic perfusion experiments 
were performed in another four dogs, prepared 
as previously described. The splenic artery and 
vein were cannulated and perfusion commenced 
with heparinized saline. The splenic vessels were 
ligated and cut proximal to the cannula. After 
most o f the blood had been washed out of the 
spleen 0 5 g of glass spheres, having a mean 
diameter of 170 (jl but varying in size from  120 p. 
to 240 p (Jencon &  Co. L td .), suspended in 
glycerine were injected into the splenic artery. 
The perfusion was continued for a further 15 min 
and the perfusate collected. Approximately 50 ml. 
of perfusate was then filtered through a filter 
paper. The filter paper was allowed to dry and 
was then systematically scanned under a dissect­
ing microscope. The glass spheres on each filter 
paper were counted independently by two 
observers. In  two of the four dogs the spleens 
were previously contracted by an injection of 
adrenaline, in a dose of 2 pg/kg of dog, into the 
splenic artery.
Results
T he calibration  factors u sed  for  the e lectro ­
m agnetic  flow m eter w ere th e  m ean  values  
obta ined  from  10 sets o f  a sp iration  read ings  
taken previously  o n  five different dogs. D iffi­
cu lty  w as experienced in  o b ta in in g  ca libra­
t io n  factors for  veins. A s th ey  are less rigid
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f i g .  2 Baseline drift o f two Nycotron flowmeter channels with cuff probes immersed in saline.
than arteries it was harder to obtain a satis­
factory probe fit. In  this situation it was found 
necessary to aspirate the blood very slowly, in 
order to prevent the vein wall from  collapsing 
and producing artefacts. O ur measurements 
indicated that it was difficult to obtain an 
accuracy o f better than ± 8%  over the range 
of flows encountered. N o  measurable differ­
ence was noted between the calibration factors 
obtained for arteries and those for veins. 
The haematocrit, however, was found to have 
a profound effect. Our measurements showed
that over the range o f 20%  to 6o% , a reduc­
tion of haematocrit by io  led to an increase o f 
flowmeter sensitivity o f about 7% .
Figure 2 shows the curves obtained from  
the test o f baseline drift. The shift is given as 
a percentage o f full scale on the most sensitive 
range o f the flowmeter, and the results show 
that the drift is w ithin 1%  of fu ll scale, after 
an initial warm up period o f some 30 min.
The results o f the splenic flow measure­
ments, corrected for variations in haemato­
crit, are shown in Table 1. In  all cases the
t a b l e  1 Results o f flow measurements by the two techniques
Dog Weight 
o f  dog 
(%)
Weight 
o f  spleen 
(g)
Site o f  P C V  
measurement ( % )  
(F =  vein 
A  =  artery)
Probe
size
(mm)
Xenon 
measured 
flow  
( m i l  min 
100 g)
Xenon
measured
flow
(m l./m in)
Electromagnetically measured 
flow  (ml./min)
minimum mean maximum
1 30 760 V 50 4 20-9 156 116 156 196
30 760 V 50 4 21-2 162 101 151 175
2 30 430 V 62 5 30-8 132 80 110 140
30 430 V 62 5 24-8 107 62 96 126
30 430 V 62 5 197 85 80 88 120
3 32 1,500 A 42 3 7-84 118 104 121 154
32 1,500 A 42 3 4-86 73 80 90 TOO
4 31 1,000 A 30 4 8-6 86 56 71 78
5 30 1,000 A 52 3 39 2 392 383 419 447
30 1,000 A 52 3 320 320 300 364 396
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f i g . 3 Comparison o f  splenic blood flow measured with 133 Xenon and an electro­
magnetic flowmeter.
flowrate indicated by the electromagnetic 
flowmeter varied over the 133Xenon clear­
ance period, although examination o f the 
Table reveals that this fluctuation has little  
effect on the correlation between the two 
techniques. The figures given for the maxi­
mum and minimum flows encountered 
during the clearance period are mean and 
not instantaneous values.
Figure 3 shows a comparison o f blood 
flow measured with the 133Xenon method 
with that measured electromagnetically. The 
correlation coefficient for which is 0-89 
(P c o -o o i).
The results o f the perfusion studies showed 
that in the two dogs not given noradrenaline, 
difficulty was experienced in perfusing the 
spleen under normal pressures. N o t more 
than one glass sphere was seen by either 
observer on any single filter paper. In  
contrast, when the spleens were constricted 
by adrenaline they were easy to perfuse. 
In  this case the number o f glass spheres 
varied from  10 to 20 with a mean o f 13 per 
filter paper, the total comprising approxi­
mately o 08%  of the total injected.
Discussion
The highly significant correlation between 
133Xenon method and the electromagnetic 
flowmeter for measuring splenic blood flow  
confirms that Kety’s theory can be applied to  
the spleen. Previous measurements o f splenic 
blood flow in the dog have given values 
ranging from  58 m l./m in/100 g (Burton- 
Opitz, 1908) to 10 m l./m in /ioo  g (Ottis, 
Davis, and Green, 1957), which are com­
parable with the findings in the present 
series.
The 133Xenon method could not be used i f  
arteriovenous shunts were present in the 
spleen, as these would result in part o f the 
133Xenon injection by-passing the splenic 
pulp. Arteriovenous shunts have been de­
scribed in the spleens o f dogs, but studies by 
W om ack and Peters ( 1961) indicated that 
they do not function except after splenic 
contraction and our findings would support 
this. Although it has been postulated that 
arteriovenous shunts might occur in enlarged 
human spleens, Manenti and W illiams ( 1966) 
could find no evidence for this in necropsy 
injection and radiographic studies.
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These results cannot necessarily be extra­
polated to man since the dog’s spleen differs 
from the human organ in relative size, histo­
logy, and in its function as a reservoir for 
red cells. The enlarged human spleen however 
is more similar to the dog’s spleen. Barcroft 
and Florey (1928) showed evidence o f red 
cell ‘ pooling’ in the dog and this has been 
shown to occur in enlarged human spleens 
(Harris, M cAlister and Prankerd, 1958). 
Furthermore both in man when the spleen is 
enlarged and in the dog, splenic contraction 
occurs after an infusion of noradrenaline with  
the discharge of the red cell ‘ poo l’ (Toghill 
and Pritchard, 1964). These findings were 
supported by a single human study in which 
the two methods o f measuring total splenic 
blood flow were compared in a patient under­
going splenectomy. The results were 295 m l./ 
min (electromagnetic) and 302 m l./m in  
(133Xenon), thus showing a good agree­
ment.
The difficulty that we experienced in ob­
taining a calibration accuracy of better than 
± 8%  over the range of flows encountered 
supports the findings of Engell ( 1968) who 
reported that in vitro calibration of 20 mm  
and 25 mm  Nycotron probes can give an 
accuracy o f about ± 6%  over a range of 
flows of from 1 to 5 l./m in. The probes that 
we used varied in diameter from  3 mm to 
5 mm. W ith  probes this small the errors 
introduced by bad vessel/probe fit become 
acute. Further errors caused by variations in 
haematocrit must be corrected when making 
absolute flow measurements. The variation  
of calibration factors that we found sub­
stantially confirms the findings o f Schenk and 
Race (1966).
The biggest potential source of error in 
electromagnetic flowmetering is the estab­
lishment of a zero flow reference signal. The 
signal produced when the magnet is turned off 
is not necessarily the same as that when the 
flow is zero. This difference in the signal 
results from a number of complex effects at the 
electrode-vessel interface, W yatt ( 1966). 
Zero flow measurements were therefore 
taken before and after each 133Xenon flow  
measurement, by occlusion o f the vessel for 
not longer than 3 sec. This short period was 
necessary in order to obviate the possibility 
of splenic infarction.
The experiment conducted on baseline 
drift confirms the results o f a previous test 
conducted on a third Nycotron flowmeter 
which showed that this stability was main­
tained for at least 8 hr after the initial 
warming period. However, this test does not 
reveal the only source o f baseline errors that
can occur, although it does give a measure o f 
the minimum baseline variations encountered.
Examination of Fig. 2 indicates that, in 
comparison with the 133Xenon technique, 
electromagnetic flow measurements made 
on veins tend to underestimate, while those 
made on arteries tend to overestimate. This 
suggests that different calibration factors 
should have been found for veins and arteries, 
and highlights one of the limitations o f 
electromagnetic flow metering. To obtain 
accurate flow measurements the probes 
should be calibrated in situ on every occasion 
that they are used. This is not always possible 
and mean calibration factors, which make 
no allowance for variations in vessel wall 
thickness, must be used. This approximation 
is usually acceptable, but care must be taken 
in interpreting flow measurements made in 
this way, especially when the measurements 
are made on diseased vessels or particularly 
muscular arteries (Edgerton, 1968).
Despite this apparent source o f error, the 
correlation between the two techniques is 
sufficiently high to justify the use of the 
133Xenon technique to measure splenic 
blood flow in millilitres per 100 g of tissue in  
humans after percutaneous catheterization of 
the femoral artery and coeliac axis. Further­
more, w ith the establishment o f a method 
for assessing splenic weight from  the area o f 
the spleen on an anterio-posterior radiograph 
(Blendis et a l ,  1969), the method can now  
be used for measuring total splenic blood 
flow.
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Effect of Externally Applied Pressure 
on Femoral Vein Blood Flow
M. SPIRO,* M .C H I R . ,  F .R .C .S .
V. C. ROBERTS,t b .s c . ( e n g . ) ,  m . s c . ,  a .k .c .
J. B. RICHARDS,f b . s c . ( e n g . )
Su m m ary; T h e  effect of incremental increases in  external pressure, applied to the leg, on blood volume 
flow in  the femoral vein was studied in  dogs. Clinical 
investigation of external pressure increases was also 
carried out on nine patients undergoing surgery for vari­
cose veins. An external pressure between 5 and 15 mm.
H g  caused a sustained increase in mean femoral vein flow  
both in a control and in the compressed limb. Above 15 
mm. H g  external pressure flow decreased in the com­
pressed limb but was maintained at an increased level in  
the control limb.
I f  external compression is to be used to prevent and 
treat deep vein thrombosis its application must be care­
fully controlled.
Introduction
Pulmonary embolus is still a major cause of postoperative 
morbidity and mortality (Hodgson, 1964). A  large proportion 
of these emboli arise from thrombosis in the deep veins of the 
leg (M cLachlin and Paterson, 1951). The aetiological factors 
predisposing to such thrombosis are many and still the subject 
of investigation. W e believe that stasis is one of the important 
factors.
In  order to minimize stasis in die leg veins two methods that 
have been employed either alone or in combination are the 
application of compression bandages to occlude the superficial 
veins and raising the legs above the horizontal to empty the
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2superficial veins. T h a t stasis occurs in patients maintained in 
the horizontal supine position has been elegantly demonstrated 
by M cLachlin, M cLachlin, Jory, and Rawling, 1960. These 
workers also showed that w ith a 15° head-down tilt on the 
table stasis was largely eliminated. Venous flow velocity (W right 
and Osborn, 1952) and possibly total limb blood flow were 
increased (Beaconsfield and Ginsberg, 1955) by this manœuvre.
Increase in the velocity of deep venous blood flow by ex­
ternal compression was first reported by Stanton, Freis, and 
W ilkins (1949) and more recently by M akin , Mayes, and H o l- 
royd (1969). I t  has, however, also been shown that total limb 
flow may be seriously impaired by external compression (Ash­
ton, 1966; Ginsberg, M iller, and McElfatrick, 1967; Campion, 
Hoffman, and Jepson, 1968). Furthermore, venous flow may be 
impaired and stasis increased by certain forms of external com­
pression (Husni, Ximenes, and Hamilton, 1968).
T he purpose of this paper is to report an investigation into 
the effect of incremental increases in external compression on 
blood volume flow rate in the femoral vein as distinct from  
flow velocities. Also included are the results of an investigation 
into the compression achieved by crêpe and Bisgaard bandages 
applied by a group of nurses.
Method
Preliminary investigations were carried out in one greyhound 
and detailed investigations in a further three weighing from  
26 to 29 kg. Blood flows were measured w ith a Nycotron 
blood flowmeter type 372, using Nycotron acute flow probes 
type PS. Careful calibration of the probes was previously per­
formed on several dogs, the aspiration technique recommended 
by the manufacturers being used, and by timed collection 
during controlled perfusion of one of the hind limbs. Before 
measuring femoral vein flow the electromagnetic flowmeter was 
allowed to warm up for at least an hour.
Femoral vein pressures were measured in dogs by means of a 
, Bell and Howell pressure transducer type L221, recorded on a 
Devices M 4  recorder.
Animal Experiments
General anaesthesia was induced with intravenous pento­
barbitone sodium in a dose of 30 m g./kg. and maintained 
with supplementary doses as required. The iliac and femoral 
veins of one hind limb were exposed and all tributaries 
between the deep thigh veins and the internal iliac vein ligated 
and divided. In  one dog both iliac and femoral veins were
3exposed and flows measured in each while a selected range of 
external pressures was applied to one limb, the other limb 
acting as a control, as shown in Fig. 1.
electromagnetic 
flow meter
compressed
—V -- cuff flow probe 
 -V fem o ra l vein
mercury
manometer
Fig. 1.— E x p e rim e n t for determining effects of externally 
applied pressure on femoral vein blood flow in dog.
External pressure was applied to the limb with an inflatable 
plastic splint (Parke Davis &  Co.). Simultaneous measurements 
of deep femoral vein pressure were also made in the com­
pressed limb by passing a catheter retrogradely into the main 
vein via a deep tributary so that the tip of the catheter lay in 
a section of the vein beneath the compressing splint. Con­
tinuous records of blood flow were traced by an ultra violet 
recorder as the splint was inflated and held at pressures varying 
from 0 to 140 mm. Hg. Each pressure was maintained for five 
minutes and was followed by a recovery period of five minutes. 
The mean blood flows were obtained from the traces by 
planimetry.
Patient Investigation
Nine patients undergoing surgery for bilateral varicose veins 
were asked for their informed consent to the procedure, which 
was fully explained in every case. The procedure was compar­
able to the animal experiments, but certain modifications were 
made to avoid prolonging the operative time and to avoid any
4undue interference with the femoral vein. Each period of com­
pression and each period of rest lasted only until a steady state 
had been achieve^ and. maintained for one minute. This 
usually meant that each period lasted only two minutes instead 
of five minutes for the animal experiments. In  two patients, 
however (Cases 3 and 7), the compression was sustained for 
four-minute periods in order to confirm that the increased 
flow was maintained. Pressures were not measured in the 
femoral vein, as to do so would have added unjustifiably to the 
operative procedure.
General anaesthesia was induced and maintained with 
spontaneous respiration, as venous flows might be grossly 
affected with controlled respiration (Dyde and Bethal, 1968). 
The patient was placed supine on a horizontal table. Both 
saphenofemoral junctions were exposed and flow probes fitted 
to the femoral vein proximal to the saphenofemoral junction. 
As these probes lay very close to the termination of the long 
saphenous vein this was occluded during the flow recording to 
ensure axisymmetric flow through the probe.
The left leg was used as a control. The right leg was placed 
in an inflatable splint (either a below-knee splint or a fu ll- 
length leg and thigh splint). Flows were measured in the 
femoral vein with varying splint pressures. N o  control was 
possible in one patient (Case 1), as he was only undergoing 
unilateral surgery, and in another (Case 4) owing to probe 
failure.
Leg Bandaging
In  this investigation a group of 22 nurses were asked to 
bandage the leg below the knee with a crêpe bandage and with  
a Bisgaard bandage. They were not informed of the purpose 
of the investigation. The external pressure applied to the leg 
by these procedures was measured by strapping a small in­
compressible plastic bag to the subject’s leg. The dimensions 
of the bag were 17-5 by 1 6  by O i l  cm. I t  contained a very 
small quantity of water, resulting in a thickness-to-width ratio 
of 1:14-4. The pressure in the bag was transmitted by a mano­
meter line to the pressure transducer and traced on the Devices 
recorder. Pressure measurements were made before and after 
bandaging had been completed with the leg placed horizontally 
at rest in a reference position.
Verification of Recording Technique
The assumption that the pressure recorded in the bandaging 
experiments was in fact transmitted to the limb was verified. 
The small incompressible bag was strapped to the medial
5aspect of the lower calf and the limb placed in an inflatable 
splint. Increments of pressure were then applied to the limb by 
inflating the splint, and the compression pressure transmitted 
to the bag was recorded. The results show that for splint pres­
sures below 40 mm. H g  the two systems agree within 5% . A t 
splint pressures greater than 40 mm. H g the compression pres­
sure-indicating system shows a slight fall off caused by a leak­
age of fluid from the system.
Results
Animal Experiments
The effect of applied pressure on femoral vein flow and 
pressure in three dogs is shown in Table I .  Percentage change
T able I . — Effects of Externally Applied Pressure on Femoral Vein Flozv and 
Deep Femoral Vein Pressure in the Dog. Sustained Change in Flow  
(  A Q % )  is Tabulated Against the Change in Deep Femoral Vein Pressure 
(  A P  mm. H g )fo r  Increments o f Applied Pressure from  5 to 140 mm. H g
Splint Dog 1 Dog 2 Dog 3
Pressure
(mm.Hg)
AQ% AP 
mm. Hg
AQ% AP 
mm. Hg
AQ% AP 
mm. Hg
5 — -  3-4 2 0 -1 3 0 1-0
10 +  14 5 3 2 -  1-5 3 0 + 11-2 9 0
15 — 7 6 8 0 -  5-3 5 5. - 1 1 1 14-0
20 -1 8  9 2 5 — 6 8 8 5 - 1 1 0 25 0
40 -4 9  0 32 5 -30-4 23 0 -2 8  6 33 0
60 —66 0 480 -41-2 37 0 -4 0  8 200
80 -7 2  8 51 5 -50-7 53 0 -46-7
100 -8 2  0 48 0 -50 5 70 5 -5 2  6 15 0
120 -7 7  5 35 0 - 51 8 79 0 — 55-0
140 -7 2  7 27-5 -54-7 88 0 -56-3
in flow A Q  is shown for increments of pressure from 5 to 
140 mm. Hg. Similarly change in deep femoral vein pressure 
(A P  in mm. Hg) is shown over the same range of splint 
pressures.
The effects of pressure applied externally to one limb of a 
dog, on femoral vein flow in both limbs, are shown in Table  
I I .  The increments of pressure are restricted in this dog to 
between 10 and 40 mm. Hg. Sustained percentage change in 
flow in the control leg A C  is shown together with sustained 
percentage change in flow in the compressed limb (experi­
mental limb) A E . T he net percentage change referred to the 
control limb is A E — A C .
The results plotted from Table I  are given in Fig. 2. W ith  
splint pressures above 12 mm. H g the femoral vein flow shows 
a progressive decrease. The points which are the mean values
6T a b le  I I . — Effects of Externally Applied Pressure on Femoral Vein Flow in 
the Dog. Sustained Change in Flow in the Experimental {Compressed) 
Limb  ( A E % ) is Tabulated Against Sustained Change in the Control 
{Uncompressed) Limb { A C % ) fo r  Splint Pressures of 10, 20, and 
40 mm. H g . The N e t Change Referred to the Control Limb is Shown as 
{ A C -  A E )%
Splint Pressure (mm. Hg)
10 20 40
AC °/o . .  . .  •. . . — 4 5 +  1 3 +  18 7
Ail /q . .  . .  . .  .« +  9-3 - 5  8 -  7 7
( AC -  AE) % .......................... +  13 8 - 7  1 - 2 6  4
obtained from  the three sets o f  data in T ab le  I indicate an 
asym ptotic reduction in  flow  at pressures greater than 100 m m . 
H g  w here the reduction is about 60%. T h e  m axim um  and
20 D O G
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Splint pressure (mm.Hg)
-20 -
-40 ■
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- 80-
F ig . 2.— Change in femoral vein blood flow in dog as a 
function of externally applied pressure.
m inim um  flo w  changes are indicated by the vertical lines. T h e  
effect on  deep  vein  pressure o f externally  applied  pressure  
indicates that w h ile  the increase produced at each increm ent 
o f applied pressure fo llow s the external pressure it does not  
equal it.
Investigation of Patients
T h e  patients investigated y ielded  results com parable to  those  
obtained in  the anim al experim ents. In  three patients investiga­
tions w ere perform ed w ith  both  a below -knee sp lin t and a 
fu ll-length  leg and th igh  splint. In  three further patients on ly  
the below -knee sp lin t w as used; in  another three patients only  
the leg and th igh sp lin t w as used. T h is  provided six  sets o f  data 
for each typ e  o f splint.
T h e  effects o f  com pression on  fem oral vein  flow  w ith  the 
below -knee sp lin t and w ith  the fu ll-length  sp lin t are show n in  
T ables II I  a n d  IV . In  both  tables data are tabulated for sp lin t
7R FIO W -K NEE SPLINT
Splint pressure (mm.Hg)
©«Control limb
©-Experimental limb
F ig . 3.— Changes in femoral vein blood flow produced by 
varying splint pressures for below-knee splint.
pressures from 5 to 40 mm. Hg. The results plotted from these
tables are given in Figs. 3 and 4 respectively. The points are
the mean values taken only from the patients from whom
complete sets of data were obtained. The remaining patients
(Cases 1 and 3 in Table I I I  and Cases 7 and 4 in Table IV ) ,
though excluded because of incomplete data, showed a similar
trend. The two curves in Fig. 3 indicate the flow changes A E
and A C  in the experimental and control limbs respectively as
a function of splint pressure. The results obtained w ith the
full-length splint are given in Fig. 4.
T ab le  111.— Effects o f Below-Knee Splint on Femoral Vein Flow. Sustained 
Change in Control Limb Flow  (  A C % )  is Tabulated Against Sustained 
Change in-Experimental (Compressed) Limb Flow  (  A E % )fo r  Increments 
of Splint Pressure from  5 to 40 mm. H g . The N e t Change Referred to 
the Control Limb is Also Given
Case Sf lint Pressure (mm. H ;)
No. • 5 10 15 20 30 40
■{
AC% 
AE % • 
Net % + ! ' i
+  2-9 
+  2-9
-  8-4
-  8-4
- -22 -3  - 2 2  3
2{
AC% 
AE% 
Net %
+  4 9  
+  10 2 
+  5-3
+  4 9 
+  4 0  
-  0 9
+  7 3 
+  9-3 
+  2 0
+  4 9 
-  1-0 
— 5-9
+  3 6 
-1 1  3 
-14-9
+  2-4 
-26 -9  
-29-3
< AC% AE% Net % • - -  2 3 .+  4-8 +  71 - .+  9 2 -1 3  3 -22-5 +  4 6 - 1 9  2 - 2 3  8
i AC% AE% Net % 0 0  0 0 0 0 0 0-  3 5-  3 5 0 0-  9-2-  9-2 +  13  -18-9  -20-2
*
8
3
+ 
1 
1
+  4 6 
-36 -9  
- 4 5  1
i AC% AE% Net % +  2 5 +  1-2 -  1 3 0 0— 6*7 ■-  6 7 ill-15-2 +  12-1 -1 3  4 -25-5 +  8-6 -25-0  - 3 3  6 +  19-4 -28-8  -4 8  2
i AE% Net % 0 0 -  61  -  61 +  13 5 — 2 0  -1 5  5 +  2-4 -1 7  3 -1 9  7 +  12-5 -1 2  3 -24-8 +  2 2 -3 7  7 -39 -9 +  5-0 - 4 0  9 -4 5  9
8TABLE W  — Effects o f Full-length Leg and Thigh Splint on Femoral Vein 
Flow. Sustained Change in Control Limb Flow  (  A C % ) is Tabulated 
Against Sustained Change in Experimental {Compressed) Limb Flow  
(  A E % ) fo r  Increments of Splint Pressure from  5 to 40 mm. H g . The N et  
Change Referred to the Control Limb is Also Given
Case Splint Pressure (mm. Hg)
Wo.
5 10 15 . 20 30 40
’ {
AC% 
AE% 
Net %
-  3 8  
0 0  
+  3-8
-  2-8 
+38-O 
+40-8
-  3 1 
+  3 0 
+  6 1
+  5-2 
+  3 6 
-  1 6
+  1 8  
0-0 
-  1-8
= {
AC% 
AE% 
Net %
+32-7 
+33-8 
+  11
+  8-9 
+23-4 
+  14-5
+2O-7 
+  150 
-  5-7
+2O-7 
+25-9 
+  5-2
+24-0 
+  19-3 
-  5-1
+  12-4 
+  14-2 
+  1 8
AC% 
AE% 
Net %
+  8-6 
+  8-6
-  1-7
-  1-7
-28-6
-28-6 —
2{
AC% 
AE% 
Net %
0 0  
+  14 0 
+  14-0
+  2-4 
+  9-6 
+  7-2
0 0 
+  5-0 
+  5-0
+  7-5 
0 0 
-  7-5
-  2-4 
-17-6  
-15-2
+  3-7 
-21 -8  
-25-5
4 AC% AE% Net % +  8-1 +  3 0 -  5-1 +  10-5 -  5-1 -1 5  6 +  17-9 -11-9  -29-8 +  7-7 -20-9  -28-6 +  15-0 -27-5  -42-5 +  8 9 -41-1 - 5 0  0
9{ AE% Net %
+  5-5 
+  4-9 
— 0 6
+  19-7 
0-0 
-19-7
+  15-0 
-  7-3 
-22-3
+  9-0 
-1 2  9 
-21-9
+23-2 
-11-8 
-3 5  0
+  19-2 
—30-0_ 
-4 9  2
FULL-LENGTH SPLINT
25 30 35 40
Splint pressure (mm.Hg)
-30 J
o-Control limb 
«•Experimental limb
F ig . 4.— Changes in human femoral vein blood flow pro­
duced by varying splint pressures for full-length leg and 
thigh splint.
Leg Bandaging
Pressures produced by crêpe bandages varied from 4 to 27 
mm. Hg, w ith a mean of 13 mm. Hg. Compression pressures 
produced by the Bisgaard bandage varied from 5 to 40 mm. 
Hg, with a mean of 23 8 mm. Hg. The results are given in 
Table V . The bandaging pressure is indicated in increments of
9T able V.— Compression Pressures Achieved by a Group of 22 Nurses Using 
Crêpe and Bisgaard Bandages
Bandage
Bimdaging Pressure (mm. Hg)
0-6 6-12 12-18 18-24 24-30 30-36 36—42
Crepe. .  . .  . .  
Bisgaard
1
1
11 6
5
3
5
1
6 2 3
6 mm. Hg. Eleven out of 22 nurses produced compression 
pressures between 6 and 12 mm. H g with the crêpe bandage. 
W ith  the Bisgaard bandage a wider range of pressures resulted.
Discussion
In  an attempt to control volume flow rate in the femoral vein 
we investigated the effect of external compression on the leg. 
The animal experiments, though few in number, indicated a 
constant increase in volume flow rate in the femoral vein at low  
pressures. A t higher pressures a considerable decrease in flow  
rate was seen. The anatomy of the dog hind leg differs in two 
important respects from that of the human leg. The ratio of 
thigh muscle mass to calf muscle mass is much greater in the 
dog than in the human. Furthermore, the venous drainage of 
the dog hind limb is poorly divided into superficial and deep,. 
whereas in man the distinction between the two systems is well 
demarcated. T he results from the animal experiments, how­
ever, encouraged us to proceed to clinical investigation and 
thus to obtain data more applicable to the human condition.
T he below-knee splint produced consistently increased flows 
in the control limb, simultaneously w ith a progressive decrease 
in experimental limb flow, as the splint pressure was increased. 
A t 5 mm. H g there is a mean increase in flow in both limbs of 
about 2% (Fig. 3). Higher splint pressures result in a gradual 
increase in  control limb flow (maximum 8% and a progressive 
decrease in experimental lim b flow (minimum 33% ). In  one 
patient (Case 5) a maximal increase in control limb flow of 
nearly 20% was achieved, while in another (Case 6) a maximal 
decrease in  the experimental limb of 41 % was achieved 
(Table I I I ) .
The full-length splint (Fig. 4) produced, at 5 mm. H g, a flow  
increase in both limbs of about 15%. A t higher pressures the 
increase in control limb flow was substantially maintained 
while the experimental limb flow showed a progressive fall to 
a minimum of about 20%. For pressures less than 15 mm. H g  
both limbs showed-an increase in flow. One patient (Case 8) 
achieved a maximal increase in both experimental lim b flow  
and control limb flow of about 33% at 5 mm. H g  external
10
pressure, while in another patient (Case 5) a maximal decrease 
in experimental limb flow of 41% was achieved (Table IV ).
Though we were unable to record venous pressures in our 
clinical investigation we did note in the animal experiments 
that at external compression pressures of 5 and 10 mm. Hg  
(Table I )  a rise in venous pressure was associated in Dogs 1 
and 3 with an increase in the volume flow rate. Higher external 
pressures producing higher venous pressures were associated 
with decreased flow rates— that is, stasis.
T he frequent use of compression bandaging in the treatment 
and prophylaxis of deep venous thrombosis prompted us to 
investigate the variation in pressure achieved by this technique. 
W e were surprised at the uniformity obtained with the crêpe 
bandage, which was usually applied at what we would consider 
an optimum pressure. The results with the heavy web Bisgaard 
bandage, however, showed its obvious danger (Table V).
A, preliminary report by Husni et al. (1968) showed that 
compression bandaging of the knee joint was usually applied 
at a pressure of 25-30. mm. Hg, and that at this pressure the 
popliteal vein was compressed with a rise in resting venous 
pressure in the foot. This returned to normal only when the 
compression of the knee was reduced to 10 mm. Hg. They  
favour an inflatable splint maintained at 20 mm. Hg. They  
suggest that compression bandaging should stop below the 
knee.
O ur results agree in part w ith these findings. W e find that 
pressures much in excess of 15 mm. Hg retard venous flow. 
T he increase in flow in the femoral vein achieved with whole 
leg compression with an inflatable splint, however, suggests that 
the entire limb should be encompassed to prevent stasis in the 
iliofemoral segment
T he increase in femoral vein flow at low external pressures 
is probably the result of a central reflex, as it also occurs in 
the control limb. The increase in venous return produced by 
the compression may lead to an increase in cardiac output and 
in limb flow. In  part, the increase in the experimental limb 
may be due to diversion of blood from the superficial venous 
system to the deep (Cotton and Clark, 1965).
Conclusion
Stasis exists when blood lies stagnant in vessels at or above 
its normal pressure at rest. Methods at present in vogue for 
preventing stasis tend to substitute for it a condition where the 
vessels are empty and collapsed. This may in fact increase the 
chance of thrombosis when blood flow is restored, by causing
11
intimai damage during the period of collapse. In  the superficial 
venous system this may be of little consequence as thrombo­
embolism rarely arises in these veins; however, compression or 
constriction of the deep venous circulation may well predispose 
to thrombosis.
Venous flow velocities in bandaged limbs have been mea­
sured by Stanton et al. (1949) and M akin et al. (1969). The  
methods used involved the injection of an indicator substance 
into a collapsed venous system and therefore measured the 
velocity of transport of the indicator rather than the velocity 
of blood flow. Other workers who measured limb blood flow  
all report an impairment at compression pressures often 
achieved by bandaging or by inflatable splints (Ashton, 1966; 
Ginsberg et al., 1967; Campion et al., 1968).
In  clinical practice the use of limb bandaging and raising, 
either alone or in combination, for the prevention of deep vein 
thrombosis has had only a mixed success (Flanc, Kakkar, and 
Clarke, 1969).
O ur investigation shows that uncontrolled application of 
external compression at pressure above 15 mm. H g impairs 
femoral vein flow. O f possibly greater interest is our observa­
tion that below this pressure femoral vein blood flow volume 
rate is increased. The changes in flow that we have observed 
are not large and may account for the inability of many workers 
to prove the efficacy of limb bandaging as a prophylactic 
technique.
I t  would seem that if external compression is to continue to 
be used in the treatment and prevention of deep vein throm­
bosis its application must be carefully controlled. The optimum  
pressure usually lies between 5 and 12 mm. H g but may well 
vary from patient to patient, depending on such factors as 
limb adiposity, the existence of varicose veins, the presence of 
lymphoedema, or previous episodes of thrombosis.
Bandaging is obviously inefficient and may well be dangerous. 
When applied correctly the initial tension soon slackens as the 
bandages work loose. Tubigrip is an improvement and, as 
shown by M akin et al. (1969), exerts an average pressure of 
13 8 mm. Hg. They point out, however, that this varies with  
limb circumferences. Tailor-made elastic stockings are prob­
ably excellent for outpatient management, though we have not 
investigated as yet the pressure they exert. Inpatient manage­
ment would seem to indicate the use of inflatable splints.
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In this paper the effect of haematocrit variations on the sensitivity of 
electromagnetic blood flowmeters is analysed and the theory 
underlying this sensitivity variation is discussed, with particular reference 
to changes in the specific impedance of blood produced by changes 
in haematocrit. Cannulated and cuff type flow  probes are compared 
theoretically in an attempt to clarify the present confusion on 
this topic, and a recommendation is made for the reduction of errors 
produced by haematocrit variations.
Haematocrit Variations and 
Electromagnetic Flowmeter 
Sensitivity
V. C. ROBERTS,
Biomechanics Department, King's College Hospital M edical School, London.
/ '" 'X v e r  t h e  p a s t  decade the electro- 
magnetic blood flowmeter has be­
come increasingly accepted as a research 
and routine clinical tool. In  the measure­
ment of vessel blood flow it represents a 
standard against which other systems for 
measuring blood volume flow rate are 
often compared. In  making comparisons 
of this type, and in making absolute flow  
measurements, it is of paramount im ­
portance that any errors inherent in the 
electromagnetic flowmetering system are 
fu lly understood. Among the errors that 
can occur are those caused by baseline 
changes (W yatt, 1966); non-axisymmetry 
of flow profile (Goldman, M arple and 
Scolnik, 1963); changes in vessel wall 
thickness and electrical conductivity 
(Gessner, 1961; Edgerton, 1968). The 
calibration errors caused by changes in 
haematocrit are a constant source of 
conflicting reports (Spencer and Denison, 
1960; Kolin , 1959; Olmsted, 1960; 
Westersten, H erfo ld  and Assali, 1960; 
K houri and Gregg, 1963; Ferguson and 
Landahl, 1966; Bond, 1967; Dedichen 
and Schenk, 1968; Brunsting and Ten- 
Hoor, 1968; Hognestad, 1966; Tetirick  
and Mengoli, 1963). The purpose of this
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Fig. 1. Curve showing the effects o f  haematocrit on the impedance o f  blood, where Z b is th e  im pe­
dance o f the blood and Z s is the impedance when the haematocrit is zero. {After M cClendon, 1926).
(b)(a)
Fig. 2. Equivalent network topology for cannulated and cu ff type electromagnetic flowmeter systems.
paper is to attempt to clarify the con­
fusion that exists and to compare seven 
commercially available flowmeters, three 
of which have been tested in our labora­
tories.
Theory
In  considering the function of the electro­
magnetic flowmeter the blood is usually 
assumed to be an ideal generator with a 
low source impedance feeding into a 
voltmeter of infinite input impedance. 
Whilst this approach is adequate for most 
theoretical analyses it has severe short­
comings when applied to practical prob­
lems.
Blood itself is inhomogeneous in com­
position, consisting of discrete clastic 
bodies held in a suspending fluid 
(plasma). The exact proportion of sus­
pended bodies to suspending fluid, the 
haematocrit, varies with age, sex, general 
metabolic conditions, etc., over a fairly  
wide range. This range is extended even 
further in experimental conditions such 
as haemodilution experiments, during in­
travenous infusions and in cases of 
anaemia and polycythaemia.
The change of electrical impedance of 
blood with changes in haematocrit has 
been demonstrated by several workers 
(McClendon, 1926; Rosenthal and Tobias, 
1948; Kinnen, Kubicek, H ill  and Turton, 
1964). In  general the impedance rises 
with the haematocrit, the usual form  
being shown in Figure 1. Here, the ratio 
of Z i> /Z s  is shown as a function of 
haematocrit, Zh being the impedance of 
blood of any haematocrit and Zs being 
the impedance when the haematocrit is 
zero. Further variations can also be 
caused by temperature changes (Geddes 
and Baker, 1967). Changes with blood 
velocity have also been noted (Sigman, 
Kolin , K atz  and Jochim, 1937; Liebman, 
Pearl and Bagno, 1962). These changes 
are, however, very small and do not 
require further consideration here.
I f  we consider the case of the can­
nulated type electromagnetic flow probe, 
where the electrodes are in direct contact 
with the blood, shown in Figure 2a, then 
the flow generated voltage e is fed into 
the amplifier which has a finite input im ­
pedance Z i. The proportion of e which 
the amplifier “sees” (e„,) is therefore 
given by the expression :
e,n = (zb + ^  + z,)e  ..... (1)
where Zb is the impedance of the blood 
between the electrodes and Z« is the 
impedance of the electrodes.
Figure 2b shows a representation of a 
cuff type flowmeter. In  this case the 
generated voltage is shunted by a wall 
impedance Z w  and an electrode-wall- 
blood contact impedance Z c  is also in­
troduced. In  this case em is given by the 
expression :
e,n = (z, + z ‘ + z )  ' Grhp)e
. . . (2)
where Z P is the parallel combination of 
Z w  with Z c , Zc  and Z i .
In  systems where the input impedance 
( Z i )  is very much greater than
(i) the combined contact and elec­
trode impedance (Z c  + Z c );
(ii) the wall impedance (Z w ); and
(iii) the source impedance of the blood 
(Z i,) ,  Equation 1 reduces to:
Cin =  6   ( 3 )
and Equation 2 reduces to:
e,n " (zb +W zje ........ <4)
The significance of these two equations 
w ill be discussed later.
Experimental Procedure
Detailed reports in the literature about 
the effects of sensitivity changes have 
been confined to the instruments of one 
commercial company, Carolina Medical 
Electronics. I t  was therefore considered 
worthwhile to test another three flow­
meters which were available in our 
laboratories. The three flowmeters tested 
were :
(i) the Biotronex BL-610 pulsed logic 
flowmeter.
(ii) the Medicon K  2000 gated sine 
wave flowmeter.
(iii) the Nycotron 372 square wave 
flowmeter.
Identical experiments were performed 
on each flowmetering system. Cannulated 
type probes were used in order to obviate 
the introduction of errors caused by 
vessel swelling and bad electrode fit.
TABLE 1
BIOTRONEX BL-610 f l o w m e t e r ; b io t r o n e x |  INCH CANNULATED PROBE.
Haematocrit
(% )
mean
Sensitivity
(% )
min. max.
0 0 1000 985 100-9
134 98 5 966 102-8
180 978 95-8 99 5
202 973 96-5 98 1
27-9 96 8 96-6 97 0
33-5 95-7 95-0 97-1
38-4 94-2 93-0 96 1
43-7 95-6 94-9 97-0
45-4 966 92-8 98 1
49-2 99 9 97-6 100-6
53-7 99 9 98-7 101-5
59-7 127-0 122-8 130-3
Table 1. Variation o f sensitivity with haematocrit o f  the Biotronex BL-610 flowmeter using a Bio­
tronex |  inch cannulated probe.
TABLE 2
MEDICON k2000 f l o w m e t e r ; s t a t h a m  J INCH CANNULATED PROBE.
Haematocrit
(% )
Sensitivity
(% )
mean mm. max.
0 0 100-0 99-6 100-8
5 6 98 0 97-6 98-1
166 96 4 93-2 99-2
215 95-2 94-4 95-6
278 90-1 88-5 92 4
36 6 87-8 83-3 89 3
41 9 846 83-8 85 3
45-5 79-5 79-0 805
500 75-3 75-0 77-8
600 71-1 69-8 72-6
67 5 67-5 666 67-8
Table 2. Variation o f sensitivity with haematocrit o f  the Medicon K2000 flowmeter using a Statham  
ï  inch cannulated probe.
TABLE 3
NYCOTRON 372 FL<d w m e t e r ; n y c o t r o n  10 MM c a n n u l a t e d  p r o b e .
Haematocrit Sensitivity
(% ) (% )
mean min. max.
0-0 100-0 98 0 101-3
5-6 101-3 100-3 101-9
170 101-6 101-0 102-1
210 101-1 100-3 102-4
27-7 100-5 100-0 101-0
35-5 101-0 100-3 101-3
40-1 99 1 98 0 101-3
45-5 98 3 97-5 99 2
500 100-9 99-6 102-0
620 101-1 100-1 102-8
67-7 99 6 98 3 100-0
Table 3. Variation o f sensitivity with haematocrit o f the Nycotron 372 flowmeter using a Nycotron 
10 mm cannulated probe.
This also simplifies the analysis of the 
results.
Citrated whole human blood main­
tained at a temperature of 37 0 0 1°C
was allowed to flow at a steady con­
trolled rate through the blood flow probe 
from  a constant head reservoir. A  
quantity of blood of a high haematocrit 
was used for the first test and for each 
subsequent test the haematocrit was 
lowered by the addition of human 
plasma. A t each value of haematocrit 
six measurements were made of the 
volume flow rate by timed collection, and 
six simultaneous readings of the flow­
meter output taken from  a digital volt­
meter connected to the flowmeter.
Results
The sensitivity of the flowmeter in 
terms of volt m H  min was calculated 
for each pair of readings, and the mean 
value for each set of six determined. The  
mean sensitivity values were then normal­
ised so that the sensitivity at haemato­
crit = 0  was 100%. The results of the 
three experiments are shown in Tables 
1 to 3. Also shown in the tables are the 
ranges over which the sensitivities varied 
for each value of haematocrit. The 
results from  Tables 1 to 3 are plotted 
graphically in Figures 3 and 4. Figure 5 
shows two further curves obtained from  
the literature. That for the Carolina 201 
is taken from  Brunsting and TenHoor 
(1968), while that for the Carolina 302 
and 322 is taken from  Dedichen and 
Schenk (1968).
A  further three tests conducted using 
0 9%  saline revealed no measurable 
difference in sensitivity when compared 
with human plasma.
The results show that of the three 
systems investigated the Nycotron is the 
least sensitive to changes in haematocrit, 
giving a fairly random spread of about 
± V 7 %  over the range tested (haemato­
crit 0 to 67 5).
The Medicon system yielded a curve 
closely resembling those in Figure 5, the 
overall sensitivity change being about 
22-5% for a change of 67'5% in the 
haematocrit.
The Biotronex system revealed a varia­
tion which lay within about ± 5 %  over 
a range of haematocrit of 0 to 55. 
Haematocrits in excess of 55 produced 
a very marked change in sensitivity.
Discussion
The results obtained in our laboratory, 
together with those already reported, 
indicate quite clearly that a number of 
commercially available electromagnetic 
blood flowmeters are sensitive to changes 
in haematocrit. The variation in sensi­
tivity caused by these changes is non­
linear and can be deduced from  con­
sideration of changes in source imped­
ance, loaded into amplifiers having low 
input impedances.
The Nycotron flowmeter appears to 
be the exception. I t  has a very high 
( >  100 M O ) input impedance (Hognes­
tad, 1968) which, even when coupled 
with the use of low conductivity elec­
trodes, is sufficient to mask the effects 
of source impedance variations.
The Medicon flowmeter has a trans­
former coupled input, and consequently
its input impedance is much lower 
(approximately 50 k fi). The curve ob­
tained for the variation of sensitivity 
with haematocrit is typical, agreeing 
in form  with the curves in Figure 5. The  
characteristic for the Carolina 302 and 
322 is, incidentally, curved, and not 
linear as suggested by Dedichen and 
Schenk (1968). The results obtained for 
the Medicon flowmeter may also be 
applied to the Statham M  4000 which has 
an identical input circuit.
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The Biotronex flowmeter also has a 
transformer coupled input having a 
quoted input impedance of around 10 kO. 
The characteristic obtained shows a 
smaller variation of sensivity to haemato­
crit changes than would be expected 
from  impedance considerations alone. 
The curve obtained is suggestive of a 
resonance effect, produced by the inter­
action of the blood and probe capacit­
ance with the input transformer in ­
ductance, superimposed on the variations 
caused by haematocrit changes. This was 
confirmed by measurements made on the 
input circuitry.
I t  would appear from  the results 
presented here, that in only one of the 
flowmetering systems examined could 
Equation 3 be used. In  all the others, the 
input impedance of the amplifier is low  
enough to necessitate the use of Equation 
1. I t  should be emphasised that the results 
obtained only hold for the probes used, at 
a temperature of 37°C. Different probes 
w ill have different electrode areas and 
different electrode separation. Each one 
w ill therefore present a unique source im ­
pedance to the system and the sensitivity 
variation w ill differ accordingly. One
would expect in general that the larger 
the probe, the larger would be the 
sensitivity variation; this has been de­
monstrated by Bond (1967).
Cuff type flow probes present much 
more difficulty. Even in the ideal case 
(Equation 4) where the amplifier has an 
infinite input impedance, and the contact 
and electrode impédances are negligible, 
the wall shunting impedance can have a 
pronounced effect on the sensitivity. In  
the past considerable confusion has 
arisen from  a failure to distinguish be­
tween two entirely different effects :
(i) The effects produced by changes 
in source impedance brought about by 
variations in haematocrit, and
(ii) The effects produced by, and by 
changes in, the shunting impedance of 
the vessel wall.
W ith  the Nycotron flowmeter, which 
the tests reported here have indicated to 
be free from  sensitivity variation, changes 
with haematocrit have been reported 
when using cuff probes (Hognestad, 1966; 
Blendis, Roberts, Spiro and Williams, 
1969). This degradation of performance 
when using cuff probes (when compared 
with the performance of cannulated 
probes) has also been observed by 
Brunsting and TenHoor (1968) using the 
Carolina 201 flowmeter.
The effects of wall thickness and con­
ductivity changes have been reported 
previously (Gessner, 1961; Ferguson and 
Landahl, 1966), but they are so variable 
as to substantially inhibit the empirical 
correction of in vivo flow measurements.
c , - - #Conclusions
I t  has been shown that all cuff type 
electromagnetic blood flowmeters are 
liable to be affected by haematocrit 
variations, some instruments producing 
far larger variations than others. I t  would 
appear that the manufacturers of future 
instruments could alleviate the situation 
considerably, by raising the input im ­
pedance of their systems to a level where 
cannulated probes exhibit no sensitivity 
variations. This would have the addi­
tional cachet of reducing the variations 
in sensitivity found when using cuff 
probes.
W hat is evident is that no generalised 
figure for sensitivity variation can be 
quoted for any one system. Each is 
unique and must be considered as such 
under the conditions in which it is used. 
In  the final analysis it can only be said
that to obtain accurate, absolute flow 
measurements it is necessary to calibrate 
each probe at the time and at the site 
of measurement. W hile this is not always 
possible the user of a flowmetering 
system should be fu lly aware of the 
hazards of not so doing.
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'66 28 November 1970 Correspondence
Mious^a^if wfiicS" occurs fs^hc^oàyn factorr effects on the volume fiowrate in
the femoral vein of rhythmic passive flexion 
of the foot. Passive flexion was chosen for
en us st sis m li  i -m  nly 
hich can be measured. But even here 
iere is a great difference between the rate 
f the axial flow, which in most people 
asses front the foot to the groin in 10-15 
xonds,12 and the length of time pools of 
agnant blood may lie in and around valve 
usps and in the venous sinuses of the 
Dleus muscle. The delay may be up to 27 
limites2 with a person lying horizontal, 45- 
0 minutes if manual intermittent positive 
ressure respiration is employed.* The flow 
; also retarded by anything weakening the 
:tion of the heart, like halothane, fall in 
XDz pressure, etc.
In  the face of this multiplicity of factors, 
ie positive value of electrically stimulating 
ie calf muscles during the operation 
ceded a properly planned clinical trial 
taking the fullest use of the 400 legs of
00 patients undergoing major surgical 
perations.5 The positive result of this trial 
as been confirmed by an even more 
irefully planned clinical trial using superior 
iagnostic measures.6 I  am worried by the 
sk that, from the outset, the reputation of 
lis simple procedure will be undermined 
y reports of trials too small to have any 
iiance of showing a valid correlation, either 
ositive or negative; and by other reports 
□ improperly designed trials unlikely to 
[eld a valid mathematical answer; and 
sing a quite different method of stimula- 
on, whose ability to maintain a normal 
ite of venous flow to the end of the opefra- 
on has yet to be proved.
May I  humbly ask those interested in this 
articular aspect of the problem to construct 
ad conduct their trials with care or we will 
nish up in the same confusion as we are
1 over the proper treatment of early 
ireinoma of the breast, the correct way to 
:pair an inguinal hernia, etc., etc.— a confu- 
on which, in each case, is a result of neg- 
:ct of basic statistical methods in clinical 
:search.— I  am, etc.,
F . S. A . D o ran .
Bromsgrove General Hospital,
Bromsgrove, Wcrcs.
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Sir,—The point made by M r. G. E. 
loloney and others (24 October, p. 244), 
oncoming, the use of Controls in assessing 
ie efficacy of electrical stimulation as a 
rophylactic against deep vein thrombosis, 
i well taken.
The original investigation by Doran, 
>rury, and Sivyer,1 upon which most of the 
lurent work is based, did not, unfortu- 
ately, extend to a rigorous examination of 
ie effect on the velocity of venous return 
i one leg of electrically stimulating the 
then All subsequent work on the effects of 
lectrical stimulation which make each 
atient his own control (by stimulating only 
ne leg) are, therefore, open to doubt.
We have just concluded an investigation
two reasons. Firstly, because it mimics the 
effect of active exercise in producing 
compression of the calf veins. Secondly, 
because it is possible to exercise control 
over the rate and amplitude of the flexion 
with a precision that is unattainable using 
electrical stimulation. In  our investigation, the 
volume fiowrate in the femoral vein was 
measured proximal to the sapheno-femoral
B u m s  
M e d ic a l J o u r n a l
increase is independent of the period of 
oscillation of the flexed foot. This figure for 
control limb-flow change is similar to that 
found by us in an earlier investigation into 
the effects of external pressure on femoral 
vein flow.6
Another fact which emerged is that if the 
resting flow is greater than 180 ml./m in. no 
increase can be expected (Fig. 2). The 
implication behind this result is important. 
I f  poor flow is the precursor to deep vein 
thrombosis then, from the results presented
•  Experimental limb 
o Control limb5 0 -
$ 4 0 -
« 3 0 -
o 2 0
IO
2-220
Period "of oscillation (sec)
6 0
5 0
4 0
3 0
r = 0 6 9  
* P <  0-001
20
2 0  4 0  6 0  8<
Resting flow (ml /m in)
20
junction using an electromagnetic flowmeter. 
Controlled passive flexion of the foot was 
produced by a specially constructed 
machine. In  one part of the investigation 
flows were measured in both femoral veins 
while the foot of one leg was subjected to 
rhythmic passive flexion. In  Figure 1 the 
sustained change in mean flow produced by 
passive flexion is shown as a function of the 
period of oscillation of the foot. The results 
show that the mean flow is . increased by 
passive flexion— the faster the flexion, the 
greater the increase. Analysis of the points 
indicates that no increase in the mean flow 
can be expected when the period of oscilla­
tion is greater than 3 seconds. This may, in 
part, explain the success of some2 3 and the 
failure of others*5 to prove the efficacy of 
electrical stimulation as a prophylactic 
against deep vein thrombosis. Figure 1 also 
shows that passive flexion of one leg 
produces an increase of flow in the other 
leg of approximately 5%, and that this
here, it would appear that it will be those 
patients who are at highest risk who will 
benefit most from pre-operative passive 
flexion.— We are, etc.,
V . C. R o b e r t s .
S. S a b r i.
M . C. PlETRONI.
L . T . C o t t o n .
Department of Biomedical Engineering,
King’s College Hospital Medical School,
London S.E.5.
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haemophilia had a low IgA level. Ig M  was normal in all 
the patients with haemophilia but was raised (with the 
IgA) in the patient with Christmas disease who was receiv­
ing whole plasma. However, in 2 of the 3 patients with 
acquired factor-vm inhibitor the Ig M  level was depressed.
A low immunoglobulin level was described in 50% of 
patients with autoimmune haemolytic anaemia by Blajchman 
et al.3 The occurrence of immunoglobulin deficiency in 
some cases of acquired factor-vm inhibitor is consistent 
with the hypothesis that the development of the antibody, 
too, may be a manifestation of derangement in the immune 
mechanism.
Thus, our observations suggest that the immunoglobulin 
levels in hæmophiliacs treated with cryoprecipitate are 
normal, and that the high levels of IgG  and Ig M  reported 
by Wardle 1 may have been related to plasma therapy.
M . A. M . A l i  
J .  R. H o b b s .Hammersmith Hospital, London W.12.
IN F E C T IO U S  M O N O N U C LE O S IS  FO LLO W E D  
B Y  H O D G K IN ’S D IS E A S E
Sir,— In  a recent letter,4 Professor Lukes and his col­
leagues reported the observation of polyploid cells resem­
bling Reed-Stemberg cells in biopsy material from five 
serologically proven cases of infectious mononucleosis. I  
should like to present a case of Hodgkin’s disease which was 
preceded by clinical and serological evidence of infectious 
mononucleosis.
The patient is a Caucasian boy aged 10 years 9 months. 
7 months before the diagnosis of Hodgkin’s disease, he had 
periods of unexplained fever lasting 1-2 days at intervals of 
7-10 days. 3 months later, pharyngitis, splenomegaly, and 
enlargement of the supraclavicular and right axillary nodes 
were noted. His peripheral-leucocyte count was 5350 per 
c.mm. with a normal differential. A  ‘ Monospot ’ test was 
positive at that time. The splenomegaly and lymphadeno- 
pathy diminished the following month. A  repeat mono­
spot test was negative.
6 weeks before the diagnosis of Hodgkin’s disease, the 
splenomegaly and lymphadenopathy became more promin­
ent. He was referred to the paediatric service of the National 
Naval Medical Center after a lymph-node biopsy had shown 
Hodgkin’s disease. Our evaluation confirmed the diagnosis 
of Hodgkin’s disease, mixed-cell type. Staging was assessed 
as i i ib  on the basis of exploratory laparotomy, splenectomy, 
open liver biopsy, and bone-marrow aspiration. He had a 
microcytic normochromic anaemia, and his peripheral-leuco­
cyte counts ranged between 8000 and 14,000. On one 
occasion a few atypical lymphocytes were noted in peri- 
pheral-blood smears. Serum-protein electrophoresis showed 
decreased albumin with raised a1} a2, and y globulins. 
Immunoglobulin electrophoresis showed a slight decrease 
in the IgA fraction. Purified protein derivative, mumps, and 
monilia skin-tests were negative. (He had a history of 
mumps at age 4 years.)
The Epstein-Barr virus (e .b .v .) titre, using the Henle 
technique, was 1/640 before treatment. After 950 rads to the 
para-aortic area, the e .b .v . titre was again 1/640. E.B.V. titres 
were obtained from his parents: his mother’s was 1/160 
while his father’s was 1/640.
W e  are in d e b te d  to  D r .  P . L e v in e  o f  th e  S o lid  T u m o r  D iv is io n  
o f  th e  N a tio n a l In s titu te s  o f  H e a lth  a n d  to  D r .  R . P ien ta  o f  th e  
B ionetics R esearch Lab o ra to ries  fo r  d o ing  th e  E.B.V. studies.
National Naval Medical Center, _ TTT
Bethesda, Maryland 20014. JOSEPH M . ENGLISH* I I I .
3. Blajchman, M. A., Dacie, J. V., Hobbs, J. R., Pettit, J. E., Worlledge,
S. M. Lancet, 1969, ii, 340.
4. Lukes, R. J., Tindle, B. H., Parker, J. W. ibid. p. 1004.
C LO N A L  O R IG IN  FO R  IN D IV ID U A L  B U R K IT T  
T U M O U R S
S i r , — Dr. Steele’s comment (March 28,p. 677) concerning 
the findings of Dr. Fialkow and his colleagues (Feb. 21, 
p. 384) in their study of the glucose-6-phosphate dehydro­
genase (g .-6 -p .d .) phenotype in tumour tissue from patients 
with Burkitt’s lymphoma is misleading. While it is true 
that the probability of the distribution ascertained (B in she 
and A in one subject, all seven being of AB genotype) is
^  or 5 5%, this figure is not relevant to the null hypothesis
under discussion, which is that the tumour in question 
arises with equal frequency in cells bearing either variant of 
g .-6 -p .d .— i.e., A  or B. Thus, the figure required is the 
probability under the null hypothesis that the distribution 
is as extreme or more extreme as that found, and this is
Pr(l, 6) +  Pr(6, 1) +  Pr(0, 7) +  Pr(7, 0),
the figures in parentheses representing the numbers of 
A and B phenotypes found. This probability is 12*5% and 
not 5-5%. This higher figure is not such as to throw serious 
doubt on the validity of the null hypothesis.
Division of Medical Genetics,
Department of Medicine,
University of Washington, _  „
Seattle, Washington 98105. Gr. K . r  RASER.
A S S IS T IN G  V E N O U S  R E T U R N
S i r ,— M r. A. W . Fowler (April 1 1 ,  p. 774) advocates 
raising the foot of the bed by 2-3 inches (which inclines 
the bed at approximately 2-5° to the horizontal) in order to 
assist venous drainage of the legs in the unconscious patient. 
We have conducted experiments in greyhounds to assess the 
effect on venous return of varying degrees of operating-table 
tilt. Changes in the mean venous-flow rates were measured
CHANCE IN 
FEMORAL VEIN 
FLOW I M
IF E E t UP)
Effect o f operating-tab le  tilt on  flow -rates in  th e  fem oral vein 
of a  greyhound.
by electromagnetic flow probes placed around the exposed 
femoral veins. The results are shown in the accompanying 
figure.
The mechano-hæmodynamic response of the venous 
system of the greyhound hind limb is almost identical to 
that in man.1 Our results indicate, therefore, that for optimal 
promotion of venous return the bed should be inclined at 
10° to the horizontal.
Department of Biomedical Engineering,
King’s College Hospital Medical School, „  n
London S.E.5. V . C . ROBERTS.
1. Spiro, M., Roberts, V. C., Richards, J. B. Br. med. J. March 21, 
1970, p. 719.
THE LANCET, JANUARY 16, 1971
CELL S U R F A C E  A N D  G R O W T H  C O N T R O L
Sir ,—Apropos your editorial,1 could it be that epithelial 
cells are more liable than mesenchymal ones to lose their 
contact inhibition or to suffer exposure of the agglutinin 
receptor layer, and that for this reason— at least in part—  
carcinomas are more common than sarcomas ?
Ipswich. S . L. B a rley .
E X T E R N A L  P R E S S U R E  A N D  
FEMORAL-VEIN F L O W
S ir ,— Professor Calnan and his colleagues 2 have drawn 
attention to the application of intermittent external pressure 
as a means of producing rhythmic variations in femoral-vein 
blood-fiow. A  detailed investigation into the effects of 
external pressure on femoral-vein blood-flow has lately 
been reported by our department,3 and Professor Calnan’s 
article prompted me to re-examine the flow recordings 
obtained during this investigation.
The general pattern of the flow recordings is shown in 
fig. 1. External pressure is applied to the limb by means of
FLOWRATE 0  
(ml/min)
Volume ejected « jti.d t
«2‘i TIME
Fig. 1—Changes in  blood flow caused by in fla tion  o f pneum atic  
sp lin t.
i  pneumatic splint at time tj. The flow in the femoral vein 
rises transiently and then falls to a new stable level at 
rime t2. This final flow will be greater or less than the 
original flow, depending on the magnitude of the external 
pressure. The volume of blood ejected from the compressed 
irenous system can be determined by measuring the shaded 
portion of the flow-curve. This was done for each of the I
recordings obtained during our original investigation, and j
die results are shown in fig. 2. These curves reveal that for j
splint-pressures less than 10 mm. Hg the mean volume of j
blood ejected is identical for both the below-knee and the j
full-length splints. With the below-knee splint (which is j
similar to the device used by Professor Calnan and his j
rolleagues) the. volume ejected tends to be maximal at '
20 mm. Hg splint-pressure, higher pressures only leading i
:o small increases in the ejected volume. [
These results agree very closely with those reported in an ;
;arlier investigation into the effects of compression stock- -
ngs.4 In  this it was reported that when an external pressure '
)f 15 mm. Hg was applied to the leg, the venous volume !
vas reduced from 3 0 to 0 6 ml. per 100 ml. of leg. I f  we j
issume a calf+ foot volume of 3000 ml., this gives an ejec- i
:ed volume of 72 ml., which agrees with the results pre- j
ænted here. 1
These results prompt two observations. Firstly, if  the !
1. Lancet, 1970, ii, 1294.
2. Calnan, J. S., Pflug, J. J., Mills, C. J. Lancet, 1970, ii, 502.
3. Spiro, M., Roberts, V. C., Richards, J. B. B r. med.J. 1970, i, 719.
4. Wilkins, R. W., Mixter, G., Stanton, J. R., Litter, J. New E ng l.J .
M ed. 1952, 246, 360.
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VOLUME EJECTED 
(m l)
•  Full length splint 
e  Below knee splint
20-
0 20 3010
SPUNT PRESSUtE 
I mm hg)
Fig. 2—Volumes ejected a t different sp lin t-prcssures.
object of applying'extemal pressure to the leg is to empty 
the venous system of the calf, then the pressure used by 
Professor Calnan and his colleagues in supine patients is 
twice as great as necessary. Secondly, it has been shown 1 
that, when a pressure of 40 mm. Hg is applied to the lower 
leg, the mean femoral-vein flow falls by almost 40%, 
whereas at 20 mm. Hg the reduction is only 12%. Use of 
the higher pressure would therefore lead to serious im­
pairment of limb perfusion while gaining only a fractional 
increase in volumetric ejection.
Department of Biomedical 
Engineering,
King’s College Hospital _
Medical School, London S.E.5. V. C. ROBERTS.
SCIATICA C A U S E D  B Y  
SACRAL-NERVE-ROOT CYSTS
Sir,— I  should like to support the suggestion of M r. 
Plewes and M r. Jacobson6 that sacral-nerve-root cysts 
sometimes cause symptoms and that operative treatment 
may be helpful.
D r. Braham (Jan. 2, p. 45) is incorrect in suggesting that 
such cysts cannot cause symptoms because they are “ sub­
ject to the same pressure relations ” as the cerebrospinal 
fluid in the subarachnoid space. There is no necessity to 
assume that the cysts cause symptoms because the pressure 
is high. They probably exist because of high pressure, but 
they are quite bulky even when flattened. Even so. the 
pressure in the cysts may commonly be raised because they 
are not in “ free communication ” with the cerebrospinal- 
fluid pathways. A t operation, some of them are commonly 
quite tense, and fluid does not come out of them until they 
are squeezed ; and, as was remarked originally, they may not 
show on the initial myelogram but only on a repeat examina­
tion. A t operation, unexpected cysts may be found which 
have not filled with ‘ Myodil ’, presumably because the 
communications are too small.
I t  is also wrong to suppose that pressure relations are 
“ identical ” at any two places within the spinal canal. 
The cerebrospinal fluid is constantly subject to pulsatile 
forces transmitted by the arterial, capillary, and venous 
systems,6 the highest pressure swings being associated with 
coughing and Valsalva’s manœuvre. These pulse-waves are 
always out of phase, and are complicated by ballistic con­
siderations. Most probably pulsatile forces are responsible 
for production of cysts such as these as well as cerebrospinal- 
fluid-containing cysts within the spinal canal at a higher 
level 6 (which certainly sometimes produce symptoms), and 
within the skull.5
4. Plewes, J . L ., Jacobson, I. Lancet, 1970, ii, 799.
5. O’Connell, J. E. A. Froc. R. Soc. Med. 1970, 63, 507. _
6. Raja, I. A.,Hankinson, J .J. Neurol. Neuroswrg. Psychiat. 1970,33,105.
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